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Aluminum nitride thin films were fabricated and characterized using Pulsed Laser 
Deposition with varying processing conditions in order to exploit the feasibility as an 
encapsulating matrix for nonlinear nanocomposites. We have studied the dependence 
of optical properties, structural properties and their correlations for these AlN films.  
Low optical absorption, textured polycrystalline AlN films can be produced by PLD 
on sapphire substrates using a background nitrogen pressure of 4.5×10-4 Torr at 
99.9% purity. 
In order to accurately extract optical properties of non-uniform films, we have 
developed and successfully applied the Optimum Parameter Extraction (OPE) 
numerical method. The OPE method can accommodate films with two-dimensional 
thickness variation. Previous methods rendered significant errors in values of 
refractive index and film thickness when applied to absorbing and wedged  films. 
 vi
GaN nanocomposite coated with AlN film and silver nanocomposite coated with 
NdAlO3 were successfully synthesized and their nonlinear optical properties were 
characterized by ultrafast laser. The enhancement of THG in GaN nanocomposite did 
not occur because the LAM process would change crystalline GaN feedstock into 
semi-amorphous GaN nanoparticles.  The THG signal was enhanced in bare silver 
nanopaprticles due to the plasmon resonance. On the contrary, in the case of Ag NPs 
coated with NdAlO3 the THG intensity was decreased by 40% at intermediate fields 
because the plasmon resonance wavelength was redshifted and moved off the two-
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The general focus of this dissertation is the fabrication and characterization of thin 
films for optical nanocomposites. Nanometer-sized metal and semiconductor particles 
and their nanometer-sized composites exhibit truly unique, novel, and tunable 
properties that are nonexistent in their bulk counterparts because of the transition of 
material properties from the bulk to molecular-like clusters. For example, as a direct 
result of quantum confinement phenomena, nanosized semiconductor particles 
experience widening of their bandgap energy as the material dimension reduces. They 
also change their density of state function from continuous to discrete energy levels 
and cause blue shifts in optical spectra 1 , 2 . In addition, reductions in particle 
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dimensions result in enhanced oscillator strength and shift the onset of absorption 
spectra towards higher energy. Besides the changes of the electronic structure, a large 
percentage of the atoms are on the surface. This enhanced surface to volume ratio 
also has a huge influence over physical and chemical properties of various materials.3 
Nanoparticle applications cover a wide range of areas. Specially, the enhancement of 
optical nonlinearity due to nanosized material can play a major role in the 
development of high speed data-processing and communication.  
The synthesis and processing techniques of this fascinating class of materials has 
come a long way. Methods are now relatively well established for obtaining high 
quality mono-disperse nanocrystals of various different semiconducting and metallic 
materials. The next crucial step towards device fabrication is without a doubt the 
formation of nanomaterials into functional nanostructures without suppression of 
their unique properties. In order to make use of unprecedented physical and chemical 
characteristics of nanomaterials for optoelectronic and photonic devices, it may often 
be necessary to affix them on surfaces or arrange them in an organized network. The 
inherent advantage of nanosized materials can be augmented by combing two phases 
with distinct attributes, resulting in so-called nanocomposites. Such composites suited 
for important optical applications may be created by encapsulating nanoparticles of 
optically functional phases, in a processable matrix. The small particle size enhances 
the optical properties while the matrix material stabilizes and protects them. The 
properties of nanocomposites depend, with a reasonable approximation, on the linear 
combination of the individual characteristics of the two phases and are largely 
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governed by the interfacial interactions between the two components. This design 
creates novel optical materials that do not occur naturally.  Recent reports on 
nanocomposite systems have shown that the matrix materials not only act as a passive 
host in sustaining and protecting the nanocrystallites but also provide a special 
environment to the inclusion material.4, , ,5 6 7  For example, the change of the emission 
peak observed in the CdSe/BaTiO3 composite system has been attributed to the 
dielectric environments effect of the matrix on the electronic structure of the 
embedded CdSe quantum dots. As optical nanocomposite applications are expanding, 
the need for novel functional and transparent matrixes increases. Fabrication of 
transparent matrices with embedded nanoparticles by various forms has become an 
important area in nanomaterials synthesis.  
Semiconductor fabrication process will help develop new ways of creating create 
highly sensitive, accurate and practical nonocomposite devices in various applications.  
As such, thin films are of great interest as the final form of these novel materials. 
The general principles in the construction of nanocomposites involve the intimate 
mixing of functional materials within a processable matrix. Matrix materials can be 
polymers, polymer blends, glasses, ceramics or semiconductors.  Optical transparency 
is the one of the most important characteristic for optoelectronic and photonic 
applications because it is directly related to optical loss.  
In this context, aluminum nitride (AlN) is an excellent material for making thin 
films of optical nanocomposites due to its unique properties. AlN has a wide band 
gap, 6.2 eV, and a small extinction coefficient which makes it ideal for the 
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application in the ultra-violet (UV) domain.  It also has a high surface acoustic 
velocity, large dielectric constant, high temperature stability. In addition, it is 
chemically inert and exhibits high hardness even at extreme temperature which makes 
it ideal for  high power optoelectronic devices and insulating, wear-resistant coatings.  
AlN also is a strong potential candidate for use in the fabrication of blue light 
emitting diodes(LED) because it can be alloyed with GaN to create AlGaN based 
optical devices. The combination of these characteristics of AlN makes its thin film a 
suitable candidate for protective optical coatings and surface passivating layers of 
nanocomposite.  
The main objective of this work has been to systematically fabricate and 
characterize thin films for high quality optical nanocomposites. We focused on the 
optical properties of the films such as extinction coefficient and refractive index 
because these are of practical importance for the enhancement of nonlinearity of 
nanocomposites. The extinction coefficient of a thin film is directly related to the 
optical device efficiency. Engineering of the refractive index and the extinction 
coefficient plays a key role in the enhancement of optical nonlinearity, especially in 
metal nanocomposites.8 In order to explore the feasibility of thin films for nonlinear 
nanocomposites, semiconductor and metal nanocomposites were synthesized using a 
LAM process and PLD technique and their nonlinear properties were explored by 
high intensity laser excitation. 
In this dissertation, a series of experiments were performed with the aim of  
elucidating the critical processing parameters that influence the crystal texture and 
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optical properties of AlN films deposited by PLD (Pulsed Laser Deposition). To 
accurately determine optical properties of our wedged thin films, a novel numerical 
method was developed and successfully applied.  However, all thin film samples 
fabricated by PLD in our lab have thickness variation and most of the published 
techniques and commercial thin film analyzing codes do not consider monotonic 
variations in thickness (wedge) or periodic non-uniformities in thickness 
(irregularities) that usually occur in thin films. The presence of thickness variations 
drastically changes data acquired by both ellipsometry and spectrophotometry and 
thus the analyses used for uniform smooth films are no longer valid because the 
interference structure of the spectra becomes quite distorted.  This leads to significant 
errors in the derived determination of optical constants measured using these methods. 
In order to accurately extract optical properties of non-uniform films, a novel 
numerical method and efficient constitutive relations were developed that can 
determine film properties from just the transmission spectrum. This Optimum 
Parameter Extraction (OPE) method was applied and accurate optical information of 
our thin films were successfully extracted. In addition, the dependence of AlN thin 
film quality and their characteristics as a function of various processing parameters 
were investigated. 
The LAM process and PLD techniques were used to synthesize optical 
nanocomposites.  A gallium nitride nanocomposite coated by an AlN film and a silver 
nanocomposite coated by a NdAlO3 film were synthesized and their nonlinear 
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properties such as second harmonic generation (SHG) and third harmonic generation 
(THG) were characterized by ultra fast laser excitation. 
The organization of this dissertation is as follows. The nanocopmosites 
fabrication methods, LAM and PLD, are summarized in chapter 2. In the LAM 
section, we discuss the generation of microparticle aerosols and their ablation in two 
separate chambers: the electrostatic cell and the supersonic cell. In the second section, 
PLD methods for fabricating single thin films and nanocomposite coatings are 
described. Chapter 3 describes the OPE method which was developed by our group. 
This discussion includes theoretical background of the OPE method, the simulation 
results from application to various model thin film systems and experimental results 
of actual AlN films fabricated in our lab by PLD. The goal for this method is to 
accurately determine optical information from the thin films even when the films 
exhibit absorption and thickness variations. Correlations between optical properties, 
microstructure, and processing conditions of AlN thin films fabricated by PLD are 
then discussed in chapter 4. Here, we aim to elucidate the critical processing 
parameters that influence the crystal texture and optical properties of AlN films 
deposited by PLD.  Films have been deposited by varying processing parameters 
including laser fluence, substrate temperature, and gas pressure.  The films were then 
examined using various characterization techniques such as scanning electron 
microscopy, x-ray diffraction, atomic force microscopy (AFM), mechanical 
profilametry and UV-VIS spectroscopy. Chapter 5 addresses optical nonlinearity such 
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as second harmonic generation (SHG) and third harmonic generation (THG) of GaN 
and Ag nanocomposites. 
 7
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2  
Laser Ablation of Microparticles process and 








In order to synthesize efficient nonlinear optical nanocomposites, two material 
phases are necessary; nonlinear nanoparticles and functional transparent thin films 
encapsulating them without suppression or with enhancement of their nonlinear 
properties. In first part of this chapter, we describe the methods for obtaining high 
quality mono-disperse nanoparticles of various semiconducting and metallic materials 
using a laser ablation process named Laser Ablation of Microparticles (LAM). The 
next step towards synthesizing nanocomposites is the formation of nanomaterials into 
the encapsulating layer. Pulsed laser deposition (PLD) was chosen for this purpose 
due to its many unique advantages. The principles and advantages of the LAM 
process and the PLD technique will be discussed in detail in this chapter. 
 
2.1 Laser Ablation of Microparticles (LAM) 
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 Over the past twenty years, extensive research has been carried out to synthesize 
nanoparticles. Synthesis methods include: gas evaporation, colloidal processing, 
mechanical attrition, and laser ablation. Each method has its own advantages and 
disadvantages.  In order to take full advantage of the unique properties of 
nanoparticles for further application, pure nanoparticles are required. Most of other 
nanoparticle formation methods involve chemical reagents in solution. On the other 
hand, the laser ablation technique uses no chemical reagents in solutions. The only 
components in the laser ablation process are the feedstock and the inert buffer gas.  
Laser ablation has other advantages such as 1) preservation of stoichiometry  2) a 
wide variety of materials amenable to ablation. Also many types of materials such as 
metals, semiconductors, ceramics, magnetic and nonmagnetic alloys can be 
synthesized with the same apparatus. 3) In addition, this method is capable of both in 
situ and ex situ processing of the nanoparticles. Laser ablation was chosen as our 
synthesis method due to the reasons above. 
 Laser ablation has been long established as a technique for offering unique 
characteristics in both research and industry. Very early it was realized that high laser 
intensities result in unique interactions with material. The ablation mechanism by 
high intensity lasers is significantly different when compared to thermal mechanisms 
such as melting, evaporation or boiling. It was found that above a critical laser 
intensity a plasma breakdown is initiated. The resulting shock wave is strong enough 
to vaporize the entire particle.1,2 In the low pressure region behind the shock wave, 
conditions are favorable for the nucleation and growth of small (nanometer-sized) 
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particles. This technique can be used to produce nanoparticles from virtually any 
material that can be made into micron sized particles. If the microparticles are 
entrained as an aerosol prior to ablation, the nanoparticle production is a continuous 
process making it a potentially attractive industrial process for mass production of 
nanoparticles. This idea was demonstrated at the University of Texas at Austin by 
Becker et al. 3  and this process was named the Laser Ablation of Microparticles 
(LAM) process. Thereafter, the Laser Ablation of Microparticles (LAM) process has 
been used to prepare nanoparticles from various materials such as metals, ceramics, 
and semiconductors.4,5 This technique of nanoparticle production coupled with two 
types of collection mechanisms for nanoparticles, discussed in detail in next section, 
has significant applications in materials processing. Collection of nanoparticles, either 
as dispersions in surfactants or as thin deposited films, provides flexibility to the 
LAM process to access a wide range of applications. 
  Although the LAM process looks similar to the flat target laser ablation, it is 
different in a number of aspects. First of all, for a given material, a decreased 
threshold for plasma formation is observed when the material is in microparticulate 
form. In addition, because the volume of a microparticle is substantially less than that 
of a solid surface, a concentration of shock-wave heating occurs. In the LAM process, 
plane waves from a laser irradiate individual microparticles which are suspended in 
an aerosol. The ablation process for a single microparticle is shown schematically in 
figure 2.1. The ultraviolet laser rapidly heats and ionizes the microparticle until the 
breakdown threshold is exceeded. Breakdown is initiated near the front edge of the 
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microparticle. A shock wave, which burns its way through the particle, is launched 
from the point of breakdown. Observation and simulation both suggest that the 
traveling shock wave compresses and heats the feedstock material far above its 
critical point6. Condensation occurs rapidly in a low pressure region directly behind 
the shock wave. The material coalesces quickly and condenses into nanoparticles. 
Depending on process conditions, e.g. laser fluence, initial feedstock microparticle 
size, and background gas pressure, nanoparticles of metals, (silver, gold, copper and 
tungsten), semiconductors (silicon, cadmium selenide, gallium nitride) and dielectrics 
(tungsten carbide, SiO2) have been successfully synthesized and studied extensively 
by this method,,7. Nanoparticles of metals and semiconductor synthesized using this 
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Figure 2.1 A simplified illustration of the different stages of silver microparticle 
breakdown after laser irradiation.  (a) plane wave illumination and skin depth 
absorption (b) plasma explosion at front surface and the launching of a shockwave 
through the particle  (c) expansion of initially evaporated material from the front of 
the microparticle, nanoparticle condensation behind the shockwave, and exit of shock 




2.2 Nanoparticle collection 
 Collection of aerosolized nanoparticles is another research area. This is not an 
easy task because they have such small mass and large surface area, the gas around 
them appears very viscous and the nanoparticles tend to follow gas stream lines 
around objects. Gravity has a negligible effect on the motion of the nanoparticles 
because the drag force of the gas is much greater. 
 Two different collection schemes were employed for the collection of 
nanoparticles; electrostatic collection of the highly charged nanoparticles and virtual 
impactor collection were developed in our group. As the title indicates, the collection 
principles of two systems are quite different from each other. Each method has its 
own advantages. The electrostatic cell has two advantages. First, it has the capability 
to size select the nanoparticles in situ for subsequent supersonic deposition (Nichols 
et al., 2001). Second, it provides a more sensitive control of the nanoparticle density 
for use in nanocomposites. On the other hand, the collection efficiency of virtual 
impactors has been shown to be much better than that of the electrostatic because it 
takes advantage of the difference of the inertia between nanoparticles and 
microparticles. The trade-off is that there is no size selection. 
 
2.2.1 Electrostatic collection  
The electrostatic collection system takes advantage of the charging effect to 
collect the nanoparticles. Fig 2.2 shows a cross section of the electrostatic cell used 
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for collection of nanoparticles. Our group found that metal nanoparticles generated by 
the LAM process were electrically charged as a result of ejection of electrons from 
within a skin depth (~ few micro meters) by single or multi photon photonization. 
Electrons not ejected spread out their excess energy as heat through electron-electron 
and electron-phonon scattering. Since the quantum efficiency for photoelectron 
production in metals is of the order of 10-4, only a very small fraction of electrons are 
emitted as photoelectrons. Hot nanoparticles also lose electrons by thermionic 
emission. Hence nanoparticles are photoionized and thermally ionized during their 
formation. The resulting charged nanoparticle stream remains unagglomerated and is 
collected electrostatically using a static electric field. By taking advantage of this 
charged particle phenomenon, narrowly distributed nanoparticles collection was 
demonstrated by exposing them to an electric field that is perpendicular to the flow of 
the aerosol flow. The electric field was adjusted by biasing two electrodes with a 300 
- 1000 V potential difference.  
As mentioned above, using the electrostatic cell has two advantages; size-
selectivity and a more sensitive control of the density of nanoparticles for use in 
nanocomposites. For the synthesis of GaN nanoparticles, the electrostatic cell was 
used because a large nonlinear optical susceptibility enhancement in semiconductor 
nanoparticles will be expected only in the case of an extremely narrow size 
distribution.8
A visible experiment verifying the charging nanoparticles was successfully 
conducted by Henneke9. A He-Ne laser (633nm) beam was used to illuminate silver 
 15
microparticles as they were ablated. By using a He-Ne bandpass filter on a digital 
camcorder, a video of the ablation and electrostatic collection process was obtained. 
The voltage was varied between 0 to 2,000 volts. As the voltage was increased, the 
curvature of the aerosol stream increased. Comparing video frames taken at different 
field strengths, the difference of curvature was clearly observed between 0 V, 1000 V, 
2000 V. The deflected stream is composed of charged nanoparticles and 
microparticles affected by turbulence in hydrodynamic flow. A typical figure 
showing deflection of the aerosol stream after breakdown in a 2000V electric field is 
shown in Fig 2.3.   
The charging of semiconductor nanoparticles using the electrostatic cell is 
different from silver metal nanoparticles and this was extensively studied by Nichols 
(2002) 10. From his study, it was seen that semiconductor nanoparticles forms with a 
bi-polar charge.  This is in contrast with silver which was found to be strictly 
positively charged. Oppositely charged  particles result in significant chaining of 
semiconductor nanoparticles under most operating conditions. Chaining was found to 
be reduced when turbulence is minimized through low microparticle density and low 
collection voltage.  
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Figure 2.3  Deflection of aerosol stream after breakdown on application of electric 
field, voltage set to 2000 Volts.  
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2.2.2 Virtual impactor collection  
Although the gas velocity and the number of microparticles in the aerosol stream 
are adjusted so that all of the microparticles should be ablated, there will always be 
some microparticles which were unablated. To make pure nanocomposites, 
microparticles should be removed and only nano-sized materials should be deposited 
on the substrate. The concept to sort nanoparticles from microparticles in an aerosol is 
a relatively simple one. The difference of the inertia between nanoparticles and 
micorparticles is so large that it causes the unablated particles to cross the gas 
streamlines and strike an virtual impactor. Here, a virtual impactor is used as a 
stagnant gas region to collect large microparticles. In contrast, nanoparticles tend to 
stay in the gas flow and be deposited on the substrate. The general system is shown 
schematically in Fig. 2.4. The ablated nanoparticles in the stream are drawn away 
from the flow axis into the collection chamber while the heavier partially ablated and 
unablated microparticles (≥300 nm) diverge from the axis less strongly and are 
collected inside of the virtual impactor and removed to microparticle outlet. The 
collection efficiency of virtual impactors has been shown to be strongly dependent on 
the density of the material being ablated and weakly dependent on the gas type by 
Henneke et al. Another advantage of the virtual impactor is that it can be operated 
without build-up of material and hence the nanoparticle generator can be operated 
over longer periods. Therefore, to make thick nanoparticle dispersions or films, the 
virtual impactor collecting system is more appropriate than the electrostatic system if 
narrowly distributed nanoparticles are not essential. 
 18
For the synthesis of silver nanoparticles, the virtual impactor collection system  
was used because size-selectivity appears to be relatively less important for the 
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Figure 2.4 Schematic of the LAM system for nanoparticle production and deposition 
of nanoparticulate films.11  
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2.3 Pulse Laser Deposition  
There are many material growth techniques. Physical vapor deposition of thin 
films takes many experimental forms. Pulsed laser deposition is often used as the 
method of synthesis for nanocomposites due to its success in depositing materials of 
complex stoichiometry. For example, AlN thin films are extremely absorptive when 
the stoichiometry is broken12. In other words, nitrogen deficiency degrades the AlN 
film transparency, and it cannot be used as the encapsulating layer for optical devices. 
The transparency of NdAlO3 is guaranteed only when oxygen deficiency does not 
occur. In this context, PLD is the most appropriate technique for encapsulating 
nanoparticles into nanocomposites without suppression or with enhancement of their 
nonlinear optical properties.  
Although the actual physical processes of material removal are quite complex, 
PLD is a conceptually simple technique, probably the simplest among all thin film 
growth techniques. It consists of a target holder and a substrate holder housed in a 
vacuum chamber. A laser beam vaporizes a target surface, producing a film with the 
same composition as the target.  PLD was the first technique used to successfully 
deposit a superconducting YBa2Cu3O7 thin film13. Since that time, many materials 
that are normally difficult to deposit by other methods, especially multi-element 
oxides, have  
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been successfully deposited by PLD. Besides being a straight forward process, the 
main advantage of PLD derives from the laser material removal mechanism. PLD 
relies on a photon interaction to create and eject plumes of material from a target. The 
vapor (plume) is collected on a substrate placed a short distance from the target. 
Unlike thermal evaporation, which produces a vapor composition dependent on the 
vapor pressures of different elements in the target material, the laser-induced 
expulsion produces a plume of material with stoichiometry similar to the target. It is 
generally easier to obtain the desired film stoichiometry for multi-element materials 
e.g. high-temperature superconductors, piezoelectric and ferroelectric materials with 
perovskite structure using PLD than with other many deposition technologies. 
Stoichiometry transfer between target and substrate is not easy with evaporation or 
(magnetron) sputtering because in general the partial vapor pressures and sputtering 
yields of the components are different from each other. This causes a different 
composition of the thin film on the substrate. However, in the case of PLD, the quick 
and intense heating of the target surface by the high energy laser (typically up to 
temperatures of more than 5000 K within a few ns) ensures that all target material 
components irrespective of their partial binding energies evaporate at the same rate. 
When the ablation rate is sufficiently high (which normally is the case at laser 
fluences well above the breakdown threshold), a so-called Knudsen layer is formed.14 
Further heating creates a high-temperature plasma 15  , which then adiabatically 
expands in a direction perpendicular to the target surface. Consequently, during PLD, 
the material transfer between target and substrate occurs in a material package, where 
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the separation of the species is relatively small.  Additionally, PLD is considered to 
have other advantages; 1) The energy of the ablated species may enhance the quality 
of film growth; 2) PLD is highly pure. It does not require hot filaments that increase 
the partial pressure of reactive gases in the chamber during deposition.  3) Versatile. 
Many different materials can be deposited with a wide variety of gases over a broad 
range of gas pressures. 4) Cost-effective. One laser can serve many vacuum systems. 
5) Film growth is fast. High quality samples can be grown reliably in 10 or 15 
minutes 6) PLD can be done on small targets.  Preparing samples for research 
purposes or for application tests, even when the sample is one component, can be 
extremely expensive or difficult to prepare with other techniques. 
The principle of pulsed laser deposition, in contrast to the simplicity of the system 
set-up, is a very complex physical phenomenon. It involves the physical process of 
the laser-material interaction from high-power pulsed radiation on a solid target, the 
formation plasma plume dynamics with high energetic species and the transfer of the 
ablated material through the plasma plume onto the heated substrate surface.  
 Using the PLD as described in chapter 4, we have deposited AlN films with 
varying conditions on sapphire substrates to perform a series of experiments aimed at 
elucidating the critical processing parameters that influence the optical properties, 
crystal texture, and their correlation. In addition, we synthesized semiconductor and 
metal nanocomposites by depositing highly efficient and transparent AlN coatings on 
GaN nanoparticles and AlNdO3 coatings on silver nanoparticles to exploit the their 
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feasibility for nonlinear nanocomposites such as second harmonic generation (SHG) 
and third harmonic generation (THG).  This will be described in chapter 5.  
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Thin films are widely used to improve the performance of optical components and 
to form optical waveguides for integrated optics.  They also are used in various 
applications in semiconductor components.  As mentioned in chapter 1, thin films are 
important for the performance of nanocomposites not only as passive host in 
sustaining and protecting the nanocrystallites but also in providing a special 
environment for the inclusion material.1, , ,2 3 4  Especially, for nonlinear applications, it 
is important to characterize the films' accurate optical constants (the refractive index, 
n, and the extinction coefficient, k), and to determine their thickness, d, since the 
refractive index is a function of dielectric constant and the dielectric constant of a thin 
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film is directly correlated to the enhancement of nonlinearity. 5 , ,  6 7 Extinction 
coefficient is a critical factor for the efficiency of optical components and optical 
waveguides for integrated optics. In physics and engineering accurate determination 
of the values of the wavelength-dependent optical constants is also very useful 
because it gives fundamental information about the optical band gap, defect levels, 
oscillator energy and oscillator strength, etc.  Moreover, optical constants are believed 
to be strongly correlated to the film microstructure so that it is possible to ascertain 
information about film microstructure by investigating optical properties. 8, ,    9 10
 Various methods have been employed for determining the real and imaginary 
parts of the refractive index. They can be classified into two general categories: 
(1) Virtual calculation of transmission (or reflection) spectra based on spectral 
envelopes11 
(2) Fitting (optimization) methods using parameterized dispersion relations12,13 
Spectral envelope methods determine film parameters from functions describing the 
locus of interference maxima and minima in the transmittance or reflectance spectrum.  
On the other hand, optimization methods use the full spectral interference pattern to 
fit an exact, but parameterized, model to the data. 
 Regrettably, as introduced in chapter 2, the films by PLD tend to have a lack of 
uniformity over a large area due to a narrow angular distribution of the plume. Our 
group used an eccentric rotating lens to direct each pulse to a fresh location on a 1.5 
mm by 3 mm oval so as to achieve as consistent ablation as possible. However, it 
increased the non-uniformity of the films, which was verified by mechanical 
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profilametry. Most of the published literature does not consider the wedge and non-
uniformity in thickness of the films that occur in many practical instances.  The 
presence of thickness variations can drastically distort the transmission spectra, and 
thus the formulae used for uniform smooth films are no longer valid. In general as 
thickness variations increase, visibility of the interference fringes is decreased, i.e. the 
transmission maxima decrease and the transmission minima increase, and the 
envelope of the spectrum shrinks.  The determination of optical constants using 
conventional methods results in an overestimate of the thickness and an erroneous 
refractive index dispersion, especially in the short-wavelength region of the 
spectrum14.  
 Marquez et al.15,16 have developed and applied a physically appealing procedure 
first proposed by Swanepoel to calculate the average thickness, thickness variation, 
refractive index, and extinction coefficient of wedge-shaped films. (From now on we 
refer to this method as the wedge-shaped envelope method.)  Unfortunately, this 
method suffers from a critical disadvantage: it assumes that the film is transparent in 
the long-wavelength region, which is not true in many cases.  One would expect that 
the error resulting from this assumption would increase as the extinction coefficient 
of the film increases.  This will be verified in section 3.3.2.1.  
 In this chapter, a novel, physically attractive and simple numerical method that 
considers non-uniformity in thickness of the film is presented.  The method is based 
on Swanepoel’s calculation of wedged film transmission through a finite aperture, but 
utilizes a fitting method so that it can be applied accurately to absorptive and wedged 
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films.  Our Optimum Parameter Extraction (OPE) method allows the calculation of 
film thickness, thickness variation, refractive index, and extinction coefficient from 
only a transmission spectrum.  We also obtain optical constants using the wedge-
shaped envelope method and the conventional envelope method for comparison, and 
the differences are discussed.  We compare results for test cases and for actual AlN 
thin films fabricated in our laboratory.  The AlN thin films were deposited on 
sapphire (0001) substrates using PLD (Pulsed Laser Deposition) at different 
temperatures and laser fluences.   
 
3.2 Overview of theoretical background 
In this section, the film on substrate system is investigated from first 
principles and exact numerical expressions for the transmittance and reflectance of 
various situations are presented without any approximation.  
3.2.1 Transmission by an ambient-film-substrate system 
The general case of an absorbing film with thickness d1 on an absorbing substrate 
with thickness d2 is shown in Fig 3.1. It is assumed that both film and substrate are 
uniform (i.e. no thickness variation), homogeneous and isotropic. The system is 
surrounded by air with a refractive index, n0 = 1. We start by assuming normal 
incidence (Φ0 = Φ1 = Φ2=0). All formulae will be generalized to the case of oblique 
incidence with substitutions of some equations. However, it will not be described in 
this work.  
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Each layer is characterized by its complex refractive index. The film layer has a 
uniform thickness, d1, refractive index, n1, and extinction coefficient, k1 (complex 
refractive index, 111~ iknn −= ), and the substrate layer has a uniform thickness, d2, 
refractive index, n2, and extinction coefficient, k2 (complex refractive index, 
222
~ iknn −= ). 
Before acquiring a specific transmission and reflection of the two-layer system 
shown in Fig. 3.1, finding a generalized transmission and reflection expression is 
more valuable because the two-layer system is the subset of this general expression. 
The overall transmission and reflection properties of a multiple stratified structure 
are represented by a complex scattering matrix S17 which is expressed as a product 
of interface matrices (I) and layer matrices (L), taken in the proper order, as follows: 




















































































































In the last second line, bχ  will be referred to as “film transmittance” since it is the 
internal transmittance of the film.18











Ritalic = .         (3.4) 
The more specific derived processes are described in the book “Ellipsometry and 
Polarized Light”(North-Holland Publishing Co., 1977) by Azzam et al.  



























































































The values of Titalic and Ritalic can be computed numerically from eq (3.3) and eq 
(3.4). However, they do not seem to be practical expressions because transmittance 
and reflectance from eq (3.3) and eq (3.4) are not likely to be matched with the 
experimentally measured data due to the imperfect monochromatic light source. The 
distance between two neighboring extrema (i.e between two consecutive maxima and 
minima) of the transmission or/and reflection spectrum of the interference pattern by 
a thick substrate is Δλe ~ λ/(4st), where s is the refractive index of substrate and t is 
thickness of the substrate.  The typical thickness of the substrate is ~ 1 mm which 
results in Δλe << 1nm. However, most of the spectrophotometer radiation is not 
perfectly monochromatic, having, instead, an energetic distribution with a spectral 
half-width Δλ (typically, ~1nm), around the mean wavelength λ. That means that the 
spectrophotometer cannot resolve the interference fringes of the spectrum. This lack 
of interference resolution is mathematically performed as an integration of 
transmittance and/or reflectance over substrate phase φ2 in equations (3.3) and (3.4). 
This method is exactly applicable for the case of a non-uniform substrate where the 
multiple reflections in the substrate combine incoherently.  Final (practical) 












dRR italic∫=  (3.7) 
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Equations (3.6) and (3.7) are now the desired equations for the practical case of a 
uniform, homogenous and absorbing film on a thick substrate. The equations are 
exact, contain no approximations and are valid for all values of n, k and d irrespective 
























3.2.2 Transmission by a single film or single substrate system 
The transmission and reflection of a single film can also be expressed simply by just 
modifying equation (3.3), (3.4) a little bit. We have only to make the following 
substitutions; 
 0~20 =r ,            (3.8) 
0112
~~ rr −= ,            (3.9) 
12 =χ .         (3.10) 
Again, the interference pattern disappears when a single film or single substrate is 
thick enough for Δλe < Δλ. The transmittance and reflectance expression will be 
equation (3.6) and (3.7) with substitutions of (3.8), (3.9), (3.10).  In this case, the final 
transmission and reflection spectrum are functions of wavelength λ, refractive index 
(n), transmittance (χ) and thickness d of single film (substrate).  The thickness of a 
thick substrate can usually be easily determined on the micrometer scale, then the 
refractive index (n) and film transmittance (χ) (or extinction coefficient) can be 
calculated by measuring both transmission and reflectance simultaneously.  
T(λ)measured  = T(λ; nsub, χsub),        (3.11) 
R(λ)measured  = R(λ; nsub, χsub).        (3.12) 
Provided the substrate is transparent, then one of the two above equations is enough 






















=         (3.14) 
 
3.2.3 Transmission by heterogeneous  films on a substrate system. 
It is clear that in the field of III-V devices buffer layers are necessary and are of 
crucial importance these days to the controlled manufacture of devices.19,20  In the 
hetero-structured film case, the transmission and reflection spectrum is greatly 
changed compared to the single film case. Practical transmittance (no effect of 
substrate interference) can be easily generated by equations (3.1), (3.2) and (3.3). In 
the case of two films on a substrate, the scattering matrix S is as follows. 
S = I01L1I12L2 I23L3 I30       (3.15) 
For example, let’s assume AlN is deposited on a GaN buffer layer on a sapphire 
substrate. The refractive indexes of AlN, GaN and sapphire were obtained from 
manufacturers.21    But for simplicity, extinction coefficients of all layer are assumed 
to be zero. Fig. 3.2(a) displays the calulated transmission when dAlN = 800 nm and 
dGaN = 400nm.(The thickness of substrate has no effect on transmission because it is 
too thick as describe above assuming it is transparent). For comparison, single films 
of AlN (thickness : 1200nm) and GaN(thickness : 1200nm) on a sapphire substrate 
are illustrated in Fig. 3.2 (b) and 3.2 (c) respectively.  As Fig 3.2 (a) shows, clear 
differences can be observed in the case of hetero-structurs. In the single film case, 
there are no big fluctuations on the maxima and minima envelope. However, in the 
hetero-structured case, big fluctuations can be observed.  From this transmission, we 
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can say that n, k, and the film thickness of each layer directly determine the shape of 
the transmission (or reflection) spectrum over a wide wavelength range.   
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Figure 3.2 (a). Simulated transmission of the hetro-structure AlN (800 nm)-GaN (400 
nm) on a thick sapphire substrate. (b). Transmission of AlN (1200 nm) on a sapphire 




3.3 Non-uniformity in film thickness  
3.3.1 Background   
We have studied the uniform film case so far. As mentioned previously, non-
uniformity in thickness of thin films can severely distort their transmission and 
reflection spectra as compared to those of flat, smooth films. In this section, we will 
show how non-uniformity distorts the transmission and how we can get exact optical 
information of those non-uniform films from distorted spectra. From now on, only 
transmition will be investigated unless specifically stated because reflection can be 
explained in exact same way.  
 We start by considering a homogeneous thin film of uniform thickness, d, 
refractive index, n, and extinction coefficient, k (complex refractive index, 
iknn −=~ ) again.  For practical cases, the film is on a transparent substrate with 
refractive index, s.  The substrate is considered to be perfectly smooth, but thick 
enough so that interference effects due to the substrate are neglected as described in 
section 3.2.1.  The system is surrounded by air with a refractive index, n0 = 1.  Taking 
all the multiple reflections at the three interfaces into account, we can get an exact 
expression from equations (3.3) and (3.5) numerically. However, Swanepoel11 
derived the following simple analytical expression without any approximations.  
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  (3.17) 
It should be noted that these formulae are valid only for smooth films with uniform 
thickness. 
 The case now considered is shown schematically in Fig. 3.3(a).  It is assumed that 
the film is wedged so that the thickness varies linearly over the long dimension (x-
direction) of the illuminated area so that the thickness can be expressed in the 
following form; 
ddd Δβ+= ,         (3.18) 
where Lx /2=β   ( 11 ≤≤− β ) ,      (3.19) 
dΔ  is the local deviation in thickness from the average thickness d , and x  is the 
position across the aperture as shown in the Fig. 3.3(a).  The OPE method was 
derived to be applied to films with a 1-D linear variation in d as shown in Fig. 3.3 (a).  
We show that the OPE method can be extended to cases where there is a transverse 
linear thickness variation or where several 2-D irregularities occur over the 
illuminated area in section 3.3.2.2.  Fig. 3.3 (b-d) show examples of triangular, 
rectangular and sinusoidal surface irregularities. 
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Figure 3.3  (a) An absorbing thin film with a variation in thickness on a thick finite 
transparent substrate, (b) triangular surface irregularities, (c) rectangular surface 




 The meaning of rΔ  is indicated in the figures.  The triangular, rectangular, and 
sinusoidal variations have calibration factors of 1, 1/2, π/4, but other periodic surface 
irregularities could be considered by applying an appropriate calibration factor. 
Recently, J. M. Gonzalez-Leal et al.22 applied their wedge-shaped envelope method 
to low-loss films having 2-D surface irregularity parameterized by a single dΔ , and 
no wedge.  
 The transmission TΔd at a specific wavelength for the case of 1-D non-uniform 
thickness can be obtained by integrating Eq. (3.16) over d, n and k.  However, this is 
prohibitively difficult analytically, and a simplifying assumption is to use an average 
value of n and k over the range of integration over thickness.  This approximation is 














= ∫       (3.20) 
where φ1=( dd Δ− )/λ and φ2= ( dd Δ+ )/λ.  
The integral can easily be converted mathematically to the following simpler form 












       (3.21) 
where ddd Δ+= β and  -1 ≤ β ≤ 1 over the length of  the measurement beam, L.  
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 We now extend this concept to the case of 2-D wedge and thickness variation 
simultaneously to arrive at a case that will be close to the worst-case for real-world 
samples.  In this case, the thickness can be expressed in the following form, 
yxyx rrdddd ΔεΔδΔγΔβ ++++=       (3.22)  
where  -1  ≤  β, γ, δ, ε  ≤ 1, and xdΔ and ydΔ  are the variations in film thickness due 
to the wedge in the x and y directions respectively.  Similarly, xrΔ , yrΔ  are the other 
thickness variations.  The integral expression for the optical transmission of this 
























   (3.23) 
Equation (3.23) is valuable when the illumination is a 2-D rectangular area rather than 
1-D line, and it includes the effects of both wedge and other variations simultaneously.  
In this paper, the illumination area is confined to 1-D by putting a long narrow slit in 
front of the light source so that we have only to consider 1-D non-uniformity.  We 
will evaluate the error introduced by this assumption in section 3.3.2.2.  Usually, thin 
films have sufficiently small thickness non-uniformity that the wedge dominates. Our 
numerical fitting of the films’ optical constants will be conducted assuming such a 1-
D wedged smooth film.  
 The reliability of fitting methods for determining film properties depends mainly 
on the dispersion model that is employed; often this is a more or less empirical choice.  
Fitting methods and dispersion equations are used in several commercial thin optical 
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design and analysis software packages such as TFcalc23 and Film Wizard24.  The 
dispersions equations that are generally used are the Cauchy equation25, the Sellmeier 
equation26, the Foroughi-Bloomer equation27 and the Drude equation28.  Any of these 
dispersion equations can give very good results for a large number of materials over 
quite a wide range of wavelengths.  A particular dispersion model is applicable if 
there is a good fit between experimental transmission spectrum and the one calculated 
using that equation.  Certainly, all of these dispersion equations are slowly varying 
functions of wavelength and it is very unlikely to produce a good fit over a wide 
wavelength range if the values of n, and k are incorrect.  This is due to the fact that n, 
k, and the film thickness directly determine the form of the transmission (or 
reflection) spectrum.  From the point of view of the fitting routine, a simpler 
dispersion expression with fewer adjustable parameters is more efficient and effective 
for fitting measured data.  To accelerate the fitting routine and to avoid finding local 
minima instead of the global minimum, we propose a packing-density model for 
refractive index.  In this model, refractive index has one fitted parameter, the packing 
density, p.  That is,  
1  1) - )((n p  )n( ref += λλ  ,       (3.24) 
where nref(λ) is the reference refractive index that has previously been measured or 
tabulated for a similar thin-film or bulk material.  In other words, n(λ) is free to 
increase or decrease, but not change its frequency-dependent shape.  Provided that we 
know the film material and that the change of the film refractive index dispersion due 
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to experimental factors is not large, this packing-density model is very accurate.  This 
technique is particularly effective for very thin, strongly absorbing and/or severely 
wedged films, since the OPE method can give a unique solution no matter how small 
or few are the interference fringes in the transmission spectrum.  Conventional 
models tend to suffer from multiple solutions in these cases. 
 The second dispersion parameter is the extinction coefficient.  We have chosen 
the exponential form,  
)xp(B/eA  )k( λλ = .        (3.25) 
where A and B are fitted constants.  This exponential model is the simplest among 
several common models, very effective because a large number of thin-film materials 
show an exponential UV absorption edge29, , , 30 31 32, and widely adopted in other thin-
film models.  There are two more unknown parameters needed for determining film 
transmission: average thickness, d , and non-uniformity, dΔ .  Implicit in this 




d ΔΔθ 2)2(tan 1 ≈= − , for the film surface (see Eqs. (3-18), (3-19) and Fig. 3.3(a)).  
Using this set of parameters, the transmission of a 1-D wedge-shaped thin film can be 
determined from Eq. (3.21). 
 Our OPE method minimizes the difference between the measured spectrum and 
the simulated one with optimized values of dispersion constants, thickness and non-
uniformity.  This difference or cost function is defined as  
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Cost = [ 1
m




∑ ]1/ 2       (3.26) 
where m is the number of optimization targets (spectral measurement positions),  
and 
jexT ,
Tfit, j  are respectively the experimental and fitted transmission values at the j-th 
wavelength, and W is a weighting factor for each wavelength.  Cost is the quantity 
that the optimization process attempts to minimize.  To minimize the cost, we utilized 
the sequential quadratic programming (SQP) method33, 34 implemented in Matlab.  In 
the SQP method, a quadratic programming (QP) sub-problem is solved for each 
iteration.  Optimization variables may all be varied simultaneously, but this may 
cause convergence to multiple local minima and make it difficult to find the global 
minimum (best solution).  This problem is partially alleviated by reducing the number 
of optimization variables by employing the packing-density model for the refractive 
index and the 2-variable exponential model for the extinction coefficient.  To further 
reduce the likelihood of converging to a local minimum, appropriate initial values 
that are practical and reasonable are essential.  Constraints can also be used to limit 
the parameters found by optimization to save time and avoid unreasonable values.  
Although uniform weighting is normally used, we can use appropriate weighting 
factors in the cost.  For example, when only the optical information at the long 
wavelength region is required, larger weighting factors can be used for the long 
wavelength terms in the cost.  This gives better agreement between experimental data 
and simulated data in the long wavelength region.  Care must be exercised however 
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when using weighting factors in this way because disagreement can increase in the 
short-wavelength region depending on the dispersion model used. 
 
3.3.2 Model Films 
 Model films are useful in testing film parameter computation techniques such as 
the OPE method since the transmission (or reflection) spectra can be calculated 
exactly and the exact starting film parameters are known so that they can be 
compared to the extracted parameters for error analysis.  A much wider range of test 
cases are also possible since the films do not have to be actually fabricated.  The 
method can be tested for convergence to the correct solution and its absolute accuracy.  
Finally, the additional uncertainty of making a physical measurement of the 
fabricated film parameters is eliminated.  For this investigation, we have studied both 
model films (this section) and actual deposited AlN films (section 3.3.3.) to test the 
OPE method. 
 As mentioned above, the only practical method that can be currently used to 
correctly extract optical constants for non-uniform thin films is the wedge-shaped 
envelope method.  However, this method is accurate only when the absorption of the 
film at long wavelengths is very small.  In the first part of this section, we will show 
how a large error can result when applying the wedge-shaped envelope method to 
absorptive wedge-shaped model films. We also apply our OPE method for 
comparison.  In addition, the advantages and disadvantages of these methods are 
discussed.  
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 In the second part of this section, we investigate how much error occurs using the 
OPE method, but fitting only 1-D non-uniformity in film thickness.  Due to a finite 
illumination slit width, transmission spectra exhibit the effects of 2-D non-uniformity 
in both thickness and roughness.  In principle, we can get more accurate information 
by considering all these effects in the OPE fitting procedure.  However, there is a 
practical difficulty in considering all of them simultaneously because the cost 
function, Eq. (3.26), will have many more local minima around the global minimum; 
thus making it impossible or extremely time consuming to converge to the global 
minimum with our algorithm. We will demonstrate that the reduction of the OPE 
method to 1-D for practical apertures is a good approximation, even when the films 
exhibit some 2-D non-uniformity. 
 
3.3.2.1 Limitations of wedge-shaped envelope method 
 To check the reliability of the wedge-shaped envelope method for absorbing films, 
various simulated transmission spectra with 1-D non-uniformity in thickness were 
generated from Eq. (3.21) by postulating values for refractive index, extinction 
coefficient, thickness, and non-uniformity.  Both the wedge-shaped envelope method 
cited in the references35, , , 36 37 38 and the OPE method were used to extract optical 
properties from the transmission spectra, and these values were compared with the 
true values.   
 The following is a brief description of the wedge-shaped envelope method.  
Analytical expressions for the envelopes around the interference maxima and minima 
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of the transmission spectrum are derived by solving Eq. (3.20) with the assumption 
that the absorption is approximately zero in the long-wavelength region.  The optical 
properties are obtained by solving those equations given the experimental envelopes.  
Upper and lower experimental envelopes are computationally derived from the 
measured transmission spectrum using the algorithm suggested by McClain et al.39
 For these test cases, the refractive index of the films is assumed to be that of bulk 
AlN as reported by manufacturers, 40  and it is shown in Table 3.1. The packing-
density model with p = 1 is used with this form of n(λ).  The extinction coefficient, k, 
is assumed to be constant over the range of wavelengths from 200 to 1200 nm.  
Thickness non-uniformity, , is assumed to be 40 nm for all cases.  The results 
computed by the wedge-shaped envelope method for two film thicknesses and four 
different extinction values are shown in Table 3.2.  Fig. 3.4 plots these errors in 
thickness, 
dΔ
d , and non-uniformity, dΔ , versus film transmittance, , for a 
2000 nm thick film at a wavelength of 633 nm.  Note that film transmittance varies 
opposite to both extinction coefficient and absorption coefficient, α.  These data 
clearly show that the error increases as extinction coefficient increases (film 
transmittance decreases).  The computed value of film thickness is always less than 
the true value, thus leading to an overestimate of the refractive index.  The error in 
is even more sensitive to the extinction coefficient.  When using the wedge-
shaped envelope method, errors of less than 5% in 
de ⋅−= αχ
dΔ
d  are only obtained when the film 
transmittance is greater than 0.98.  Therefore, large errors are possible when the 
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wedge-shaped envelope method is applied to absorbing films.  Indeed, some 
extinction coefficients reported previously for various arsenic sulfide films were 
negative for some wavelengths and transmission values were larger than the substrate 
transmission when the wedge-shaped envelope method was used.,  These results are 
clearly unphysical.  Even for less extreme cases, this method leads to an overestimate 
of the refractive index and an underestimate of the film thickness. 
 In contrast, our OPE method uses an exact equation for the transmission spectra 
without any mathematical approximations.  The values for all of the parameters 
determined by the OPE method matched exactly with their actual values in the model 
films (with < 0.1% error).  Moreover, the OPE method has the following advantages 
over other methods: 
1. The ranges of refractive index and extinction coefficient that may be 
computed are larger than any other envelope method. 
2. The packing-density model works well regardless of the number of 
interference fringes in the transmission spectrum; other methods (both fitting 
methods using other dispersion models and other envelope methods) require a 
minimum number of interference fringes to produce accurate results.  
Accordingly, other methods require moderate film thickness, low absorption, 
and minimal non-uniformity.  
3. It is robust with respect to the signal-to-noise ratio of the data.  In the 
envelope methods, small errors in transmission due to noise result in quite 
large errors in the determination of thin-film parameters.  
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The OPE method also has limitations; one has to know (or estimate) the dispersion of 
the refractive index for the film material before starting the fitting procedure when 
using the packing-density model.  Usually, it is sufficient to know n(λ) for the 
compound in the bulk or thin-film form.  We discuss an alternative dispersion model 
in section 3.3.3.4 if n(λ) is totally unknown.   If the model is not appropriate, then the 
disagreement between the measured (or simulated) transmission spectrum and the 
fitted one is usually quite large.  
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We assumed packing density, p = 1, thickness variation, Δd = 40 nm, extinction 
coefficient, k was constant versus wavelength for all films in the table.  Film 
transmittance ( ) at a wavelength of 633 nm was calculated for each film. de ⋅−= αχ
 
d (nm) 1000 2000 




χ at 633nm 0.998 0.990 0.980 1.000 0.996 0.980 0.961 
Error (%) of d - 1.5 - 2.8 - 4.2 - 0.1 - 1.1 - 4.8 - 17.4 
Error (%) of Δd 5.5 8.1 12.7 1.1 5.8 18.9 31.8 
Error (%) of n   1.5   2.9    4.4   0.0   1.1    5.0   11.5 
Table 3.2.  Error % for thickness, d , non-uniformity, Δd, and index of refraction, n, 






Figure 3.4.  Plot of the error of thickness, d , and non-uniformity, Δd, versus film 
transmittance ( ) at 633 nm using the wedge-shaped envelope method.  The 
simulated film had a thickness of 2000 nm and Δd = 40 nm.  The dotted lines are a 
guide to the eye. 
de ⋅−= αχ
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3.3.2.2 Model system with 2-D non-uniformity 
 Why do we consider only one dimensional wedge even though two dimensional 
wedges and other thickness variations exist? Considering both dimensions including 
the x-directional wedge (Δdx, Δdy) and non-uniformity (Δrx, Δry), don’t we get more 
accurate information than considering only one-dimensional wedge information (by 
putting a long narrow slit)? The answer to this question is Yes and No. If we consider 
all thickness variations to simulation parameters, it will produce a good fit over a 
wide wavelength range in principle. However, practically it is impossible with respect 
to optimization. From the model film simulations, considering all thickness variations 
to simulation parameters, the cost function, Eq. (3.26), turns out to have many more 
local minima around the global minimum from the model film simulations; thus 
making it impossible to converge to the global minimum (best solution) with our 
algorithm.  
 The error of the one dimensional assumption can be alleviated by putting a long 
narrow slit before the light source. Because transmission spectra are in practice 
acquired using a finite aperture width, one might still worry about the errors caused 
by this technique.  We devised several simulations to ascertain how large these effects 
are on the extracted optical parameters, and to check for convergence and absolute 
accuracy of the OPE method.  First, to determine the effect of linear thickness 
variations transverse to the aperture axis and of other thickness non-uniformity ( rΔ ) 
on transmission spectra, we simulated the transmission spectra with the standard AlN 
refractive index (p = 1), a constant extinction coefficient over the whole wavelength 
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range (k = 1×10-3), and a 2000 nm thick film.  Transmission was calculated using Eq. 
(3.23) while simultaneously including 2-D wedge and non-uniformity.  The four 
cases generated were T (Δdx= Δdy= Δrx = 0), T(Δdx= 40), T (Δdx= 40, Δdy= 20), and T 
(Δdx= 40, Δdy= 20, Δrx = 10). 
 The transmission spectra for these cases are shown in Fig. 3.5.  In Fig. 3.5(b), the 
wavelength range of 355-375 nm is magnified to show the effects on the interference 
ripples.  As is expected, the envelope for T (Δdx= 40) is severely decreased compared 
to T (Δdx= Δdy= Δrx = 0) (Fig. 3(a)).  T (Δdx= 40), T (Δdx= 40, Δdy= 20) and T (Δdx= 
40, Δdy= 20, Δrx = 10) are indistinguishable in Fig. 3.5(a).  Fig. 3.5(b) shows that the 
envelopes for the cases with a transverse thickness variation and non-uniformity are 
further reduced.  From these test cases, it appears that envelope distortion depends 
mainly on the wedge parallel to the aperture and less on transverse variations. This 
severe change in the transmission spectra envelopes explains why the conventional 
envelope method can fail for wedge-shaped films.  Furthermore, it gives an indication 
that not considering transverse thickness variations in a fitting method can still give 
good estimates of film properties.  This is considered next. 
 To check the ability of the OPE method to derive optical constants of absorbing 
samples that have some transverse non-uniformity in the spectrometer aperture, 
several simulated transmission spectra were generated by postulating the refractive 
index, extinction coefficient, thickness, wedge and non-uniformity values shown in 
Table 3.3 for eight cases for 2000 nm thick films.  Again, the refractive index of all 
films was assumed to be AlN (p = 1), and the extinction coefficient was assumed to 
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be constant (k = 1×10-3) over the entire wavelength range.  Transverse non-uniformity 
(Δry) was assumed to be zero, but the cases included longitudinal non-uniformity (in 
addition to wedge) and transverse wedge.  The 1-D OPE method that considers only 
longitudinal wedge was applied to extract the optical constants, and we compared 
these values with actual values input into the transmission spectrum calculation.  The 
fitted parameters and error percentages for the eight cases are shown in Table 3.3.  
From this data it is apparent that the error for refractive index and film thickness are 
less than 1%; even for the cases where the deviation transverse to the slit is as large as 
the thickness variation longitudinal to the measurement slit.  Errors for k were less 
than 5%, but errors for Δd were much larger.  The effects of transverse thickness 
variation and surface roughness were interpreted by the OPE method, when restricted 
to 1-D variation, as an increase in the value of Δdx.  By far, transverse thickness 
makes the largest contribution to this error; but it only generates an error of 8.2% in 
Δdx when Δdy = Δdx/2 = 20 nm. 
 Fig. 3.6 shows the simulated transmission spectrum generated for the case 
(Δdx = 40,Δdy = 20,Δrx =10,Δry = 0) and the transmission spectrum derived from the 
fitted parameters using the OPE method.  Fig. 4(a) shows the whole spectrum while 
Fig. 4(b) magnifies the range of wavelengths from 360-480 nm.  The OPE method 
overestimates the non-uniformity in thickness by 4 nm (44 instead of 40 nm), which 
leads to disagreement in the spectra at short wavelengths.   The transmission envelope 
of the film with Δdx = 44 nm decreases faster as wavelength decreases than the 
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envelope generated with both 2-D wedge and non-uniformity 
( 0,10,20,40 ==== yxyx rrdd ΔΔΔΔ ).  As Table 3.3 indicates, the errors caused by 
assuming only a 1-D wedge and perfect smoothness is less than 0.7% and 0.36% in 
refractive index and thickness, respectively, even in the most extreme case shown.  
The largest errors result when square illumination is used and the thickness variation 
is equal in both dimensions.  However, even in this case, T (Δdx= 40, Δdy= 40), the 
OPE method accurately predicts n, k, and d .  We conclude that one can apply the 
OPE method, considering only 1-D non-uniformity, to determine n, k, and d  
accurately from spectra obtained with modest rectangular slit illumination without 
regard to sample wedge or orientation.  Furthermore, if the transverse variation within 
the illumination slit is less than 25% of the longitudinal variation, then Δdx can be 
determined accurately as well. 
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(a)                                                                          
  







Figure 3.5 (a) Simulated transmission spectra for an absorbing film with uniform 
thickness and perfect smoothness compared to films with T (Δdx= 40), T (Δdx= 40, 
Δdy= 20) and T (Δdx= 40, Δdy= 20, Δrx = 10).  At this scale T (Δdx= 40), T (Δdx= 40, 
Δdy= 20), and T (Δdx= 40, Δdy= 20, Δrx = 10) are indistinguishable from each other.  
(b) Magnified section of (a) over the wavelength range 355-375 nm. 
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(a)        
 
(b) 
   
                            
   
Figure 3.6  (a) Simulated transmission spectrum for an absorbing film with non-
uniform thickness and surface roughness (Δdx= 40, Δdy= 20 Δrx = 10) (T-generated), 
and the transmission spectrum derived by applying our OPE method to this data (T-
fitted) using only 1-D non-uniformity (Δdx).  (b) Magnified section of (a) over the 
wavelength range 360-480 nm. 
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Δdx= 40 Δdy = 10 Δdx= 40 Δdy = 10 Δdx= 40 Δdy = 20 Δdx= 40 Δdy = 20 non-














p 0.999 - 0.1% 0.999 - 0.1% 0.998 - 0.2% 0.997  - 0.3% 
k (×10-4) 10.30 3.0% 10.03 0.3% 10.11 1.1% 10.14 1.4% 
Δd (nm) 40.8 2.0% 41.1 2.6% 43.3 8.2% 44.0 10.1% 














Δdx= 40 Δdy = 30 Δdx= 40 Δdy = 30 Δdx= 40 Δdy = 40 Δdx= 40 Δdy = 40 non-














p 0.996 - 0.4% 0.994 - 0.6% 0.993 - 0.7% 0.993 - 0.7% 
k (×10-4) 10.22 2.2% 10.30 3.0% 10.35 3.5% 10.36 3.6% 
d (nm) 2004.4 0.22% 2006.2 0.31% 2006.9 0.34% 2007.2 0.36% 
Δd (nm) 47.3 18.1% 50.0 25.0% 52.8 31.9% 53.4 33.4% 
 
Notes: The values used to simulate the spectra were: packing density, p = 1, extinction coefficient, k = 10×10-4 for all 




3.3.3.  Experimental results 
 AlN films were grown using Pulsed Laser Deposition (PLD) 41  which was 
described in Chapter 2 in detail with different substrate temperatures and laser 
fluences.  We applied our OPE method to the transmission spectra of these AlN films 
to determine their optical properties.   
3.3.3.1 Deposition of AlN thin films 
 The AlN films were deposited inside a UHV vacuum system evacuated by a 
turbo-molecular pump to a base pressure of 1 ×10-8 Torr  (1.3 x 10-6 Pa) using PLD 
from an AlN target.  A schematic diagram of the PLD system is shown in Fig. 3.7.  A 
Lumonics PM-848 KrF excimer laser, λ = 248 nm, PRF = 30 Hz, and τ = 14 ns, was 
used to ablate the AlN target.  The laser output was rectangular, 30 mm by 10 mm, 
and we used an eccentric rotating 32 cm focal-length lens to direct each pulse to a 
fresh location on a 1.5 mm by 3 mm oval so as to achieve as consistent ablation as 
possible.  The target was a rectangular, stoichiometric AlN slab with a purity of 
99.99% fabricated by Sputtering Materials Inc. using the pressure-assisted 
densification process.  The target was irradiated by the laser through a UV-fused 
silica window at an angle of 60º to the target surface normal.  The ablated material 
was then allowed to condense onto the heated substrate that was parallel to the target 
surface at a distance of 5.1 cm.  Commercial sapphire (0001) substrates were first 
degreased with acetone and methanol in an ultrasonic bath and then were heated to 
900ºC in vacuum for 45 min. prior to deposition.  The depositions were carried out at 
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different substrate temperatures varying from 100 to 800ºC for 25 min or 50 min.  
Ultrahigh purity nitrogen was introduced into the PLD chamber at 4.5 ×10-4 Torr (6.0 
×10-2 Pa) during deposition.  The eccentric rotation of the focusing lens resulted in a 
factor of 3 variation in fluence around the oval path on the target (1-3 J/cm2 and 4-12 
J/cm2 to achieve low-fluence and high-fluence sputtering regimes, respectively).  
Furthermore, the fluence at the sputtering target decreased slowly due to deposition 
on the chamber window.  For all the deposition runs, the window was cleaned after a 
fluence drop of 25-30%.  The thicknesses of the deposited films ranged from 1500 to 
2300 nm for high laser fluence and from 400 to 600 nm for low fluence.  The films 
had non-uniformity in thickness but minimal short-period surface roughness; these 
characteristics were verified by mechanical profilometry, Atomic Force Microscopy 
(AFM), and cross-section electron microscopy (SEM).  
 Optical transmission spectra of the films were acquired over the 200 nm to 1000 
nm spectral region (1.2 to 6.2 eV) by UV-VIS spectroscopy.  To mask the sample and 
define the illumination region, we constructed a 4 mm by 1 mm aperture, so that only 







Figure 3.7  Diagram of the UHV system used for AlN film deposition with PLD.
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3.3.3.2 Non-uniformity in the thickness of the film deposited by Pulsed Laser 
Deposition.  
To check the non-uniformity of  the film by PLD in the chamber, we deposited 
gold on a wide silicon substrate (10 cm × 10cm) at base pressure for one hour with 
high fluence (~25 J/cm). To measure the thickness, we put flat masks at every the 1 
cm along the x axis and the y axis on the silicon substrate. Thickness measurement 
was performed by mechanical profilametry. The thickness distribution is shown in 
Fig. 3.8. One immediately observes that the film has severe non-uniformity over a 
wide area. Although gold thin film was deposited in this case, we can presume that 
similar non-uniformity in thickness in any other thin films would be expected 
unavoidably in our PLD technique.   
 
Figure 3.8 The thickness distribution of Au thin film deposited on silicon substrate 
for 1 hr. 
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3.3.3.3 The effect of non-uniformity on transmission and the convergence of the 
OPE method. 
In section 3.3.2.2, we devised several simulations to ascertain how large the effects of 
nonuniformity are on the extracted optical parameters, and to check for convergence 
and absolute accuracy of the OPE method through a thin film model. This section will 
show experimental results corresponding to this simulation. 
We measured the transmission spectrum for selected AlN films with and without 
the slit aperture to check the effect of the slit aperture. First, we measured the 
transmission spectra without aperture, in which case the illumination area was 12.56 
mm2. We put a 2 mm by 0.5 mm small aperture and measured the same spot again. 
Fig 3.9 and 3.10 shows the results for a AlN film deposited at high fluence and a 
300ºC substrate temperature and  a AlN film deposited at high fluence and a 500ºC 
substrate temperature respectively. As we expected, the envelopes without the slit 
decreased compared to those with the slit in both cases. The wavelengths of the 
maximum peak and minimum peak were virtually unchanged but the distance 
between maxima and minima decreased faster in the no-aperture case at short 
wavelength. It clearly confirmed the simulation results and showed how large effect 
the non-uniformity has on the transmission spectra. The Spectrum for theAlN film 
deposited at high fluence and a 300ºC substrate is especially interesting. The non-
uniformity of this film was so severe that the interference pattern was minimized at 
some wavelength (around 650nm) and it began to increase gradually above this 
wavelength. Above this critical point, the maxima and minima have switched 
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compared to transmission with the slit, where a maximum peak in the slit case and 
minimum peak in the no-slit case coexist at the same wavelength and vice versa. But 
those decreased again due to the inherent absorption of film at short wavelength and 
disappeared completely.  This phenomenon can be explained clearly only by the non-
uniformity of the film. We can expect the conversion point is changeable according to 
the illumination area and the non-uniformity in the film. 
To check for the convergence and absolute accuracy of the OPE method, We applied 
the OPE method to the transmission with and without the slit. The measured spectral 
transmittance and the transmittance calculated from the parameters derived using the 
OPE method for the two films selected are shown in Figs. 3.11, 3.12, 3.13, 3.14.  Figs 
3.11 and 3.12 shows the experimentally measured and fitted transmittance (OPE 
method) for an AlN film deposited at high fluence and a 300ºC substrate with the slit 
and without the slit respectively. Figs 3.13 and 3.14 shows the experimentally 
measured and fitted transmittance (OPE method) for an AlN film deposited at high 
fluence and a 500ºC substrate with the slit and without the slit respectively.   The 
fitted curves exactly agree with the experimental data at long wavelengths and deviate 
only slightly at short wavelengths in all cases. The reason for a little mismatch at 
short wavelengths was transverse wedge in the illuminated area as explained in detail 
in section 3.3.2.2. The transmittances without the slit decrease faster at short 
wavelengths than those without slit in both cases. This clearly shows why the 
generated transmission spectra for the no slit case had more mismatch at short 
wavelength. As described from previous simulation results, the effects of transverse 
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thickness variation and longitudinal non-uniformity were interpreted by the OPE 
method, when restricted to 1-D wedge, as an increase in the value of Δdx.  The results 
of the OPE method was shown previously in table 3.4. 
 As shown in Table 3.4, differences in the refractive index, extinction coefficient 
and thickness is -0.3 % , 2.5% and 0.2% respectively for the AlN film deposited at 
high fluence and a 300ºC substrate. The difference in refractive index, extinction 
coefficient and thickness is -0.4 % , 3.8 % and 0.6 % respectively for the AlN film 
deposited at high fluence and a 500ºC substrate.  It shows the convergence and 
robustness of the OPE method. In other words, we can conclude this Optimum 
Parameter Extraction (OPE) method can accommodate films with two-dimensional 







Figure 3.9. (a) Measured transmittance of an AlN film deposited at high fluence and 
300ºC substrate temperature with and without slit (b) Magnified section of (a) over 






Figure 3.10 (a) Transmittance of an AlN film deposited at high fluence and 500ºC 
substrate temperature with and without slit (b) Magnified section of (a) over the 
wavelength range 300 -1000  (nm). 
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Figure 3.11  Experimental transmittance and fitted transmittance using OPE method 
of an AlN film deposited at high fluence and 300ºC substrate temperature (with slit). 
Notation in the legends: exp (experimental measurement); fitted (the OPE method). 
 
Figure 3.12  Experimental transmittance and fitted transmittance using OPE method 
of an AlN film deposited at high fluence and 300ºC substrate temperature (without 




Figure 3.13 Experimental transmittance and fitted transmittance using OPE method 
of an AlN film deposited at high fluence and 500ºC substrate temperature (with slit). 
Notation in the legends: exp (experimental measurement); fitted (the OPE method). 
 
 
Figure 3.14 (a) Experimental transmittance and fitted transmittance using OPE 
method of an AlN film deposited at high fluence and 500ºC substrate temperature 
(without slit) Notation in the legends: exp (experimental measurement); fitted (the 
OPE method).
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Table 3.4.  Properties of AlN films with and without slit by the OPE method.   
 
 














n at 633nm 2.093 2.099 -0.3% 2.095 2.103 -0.4% 
k at 633nm(×10-4) 4.77 4.65 2.5% 5.04 4.85 3.8% 
d(nm) 1784 1781 0.2% 1460 1451 0.6% 
Δd(nm) 75 35 72.7% 52 23 77.3% 
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3.3.3.4  Optical properties of AlN thin films  
 
 We show here the result of applying our OPE method to all films. We utilized a 4 
mm by 1 mm aperture as described in section 3.3.3.1.   A subset was chosen for 
detailed analysis of how the various methods for extracting the optical parameters 
from the transmission spectra performed.  Complete characterization of the films’ 
optical and physical properties versus deposition conditions will be reported in 
chapter 4.  The refractive index, n(λ), extinction coefficient, k(λ), average thickness, 
d , and thickness variation, Δd, of our films were obtained using the OPE method.  
We also applied the wedge-shaped envelope method and the conventional envelope 
method to the two films selected for comparison.  The upper and lower envelopes of 
the spectra were acquired using McCalain’s algorithm as noted previously. 
 Typical results are presented in Fig. 3.15 and Fig. 3.16 for representative films 
deposited at high and low laser fluence.  The measured spectral transmittance and the 
transmittance calculated from the parameters derived using the OPE method for the 
two films selected are shown in Figs. 3.15 (a) and 3.16 (a).  The fitted curves exactly 
agree with the experimental data at long wavelengths and deviate only slightly at 
short wavelengths.  Again, two possible reasons may be postulated for this deviation: 
1) transverse wedge and thickness variation in the illuminated area (explained in the 
previous section) and 2) the single-parameter, packing-density dispersion model for 
refractive index did not have enough parameters to fit the short-wavelength region 
(300-400 nm).  To check the accuracy of our dispersion model, we also applied our 
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method substituting the Sellmeier equation to model refractive index dispersion.  In 
this case, the derived parameters are virtually unchanged (less than 1% in refractive 
index and thickness), and the differences between the measured and fitted 
transmission spectra at short wavelengths are also similar. From this we conclude that 
the OPE method is robust and the small spectral difference is due mainly to thickness 
variation in the transverse direction in addition to 1-D wedge. 
 Figs 3.15 (b), (c) and 3.16 (b), (c) show refractive index (b) and extinction 
coefficient (c) versus wavelength derived using all three methods: the OPE method, 
the wedge-shaped envelope method, and the conventional envelope method.  
Calculated data for for these two films at a wavelength of 633 nm are shown in Table 
3.5.  
 First, we consider which of these parameters calculated by the OPE method can 
be verified by physical measurements.  Film thickness and thickness variation are the 
most amenable to direct measurement, so several types of measurements were made 
to document the film thickness and thickness non-uniformity.  To bracket the film 
thickness, d , a mechanical profilometer was used to measure thickness steps near 
both edges of each film.  For all films, these measurements bracketed the OPE 
thickness and wedge values.  A second measurement was made by scribing and 
fracturing a film along the center axis of the optical transmission aperture.  A number 
of cross-section SEM micrographs were recorded along the fracture surface, and both 
short-range and long-range thickness variations were determined.  A representative 
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cross-section SEM micrograph is shown in Fig. 3.17 for the AlN film deposited at 
high fluence and a 100°C substrate temperature.  One immediately observes that the 
film is smooth on a micron scale.  Based on this and the AFM measurements of RMS 
surface roughness (all films < 3 nm as shown in Table 3.6), we conclude that the 
films do not have sufficient surface roughness to significantly scatter light or disrupt 
the optical interference.  The long-range thickness variation of this film is plotted in 
Fig. 3.18.  The 4 mm long aperture is centered at 40.4 mm (± 1 mm).  The inset in Fig. 
3.18 shows this region of the aperture and a linear least-squares fit to the data.  This 
fit results in a center thickness of 2273 nm (± 32 nm) and a thickness variation, Δd, of 
65 nm (±10 nm).  The corresponding OPE derived parameters, d  and Δd, are 2264 
and 73 nm respectively.  These are in agreement with the direct measurements, well 
within their accuracy. 
 Next, we consider parameters extracted by the wedge-shaped envelope method.  
For both the high-fluence and low-fluence cases, this method results in values of 
thickness, d , that are around 3% lower and values of refractive index, n, that are 
correspondingly 3% higher than for the OPE method.  Considering that the film 
transmittance is between 0.98 and 0.99 for both cases, this agrees with our previous 
result for model films that indicated that the wedge-shaped envelope method gives 
errors of less than 5%.  The film transmittance is still large enough for the extinction 
coefficient to be accurately estimated by this method.  The extinction coefficient is 
found to be negative over most of the wavelength region and diverges further at short 
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wavelengths.  The thickness variation, Δd, has larger and more erratic errors.  For the 
film deposited at high fluence where the wedge is significant, the error in estimating 
Δd is +25% for the wedge-shaped envelope method.  For the film deposited at low 
fluence, the smaller d  contributes to greatly increased error for Δd. 
 Finally, fitting the film parameters using the conventional envelope method 
results in thickness errors of +35% and +2% compared to the OPE method for the 
films deposited at high-fluence and low-fluence, respectively.  For the two films 
considered, the variation in thickness for the high-fluence film is much greater than 
that of the low-fluence film.  The conventional envelope method is not expected to be 
able to account for wedged samples properly.  It is relatively more successful in 
estimating the extinction coefficient; however, it consistently predicts that the 
shrinkage of the transmission spectrum envelope is caused by absorption rather than 
by thickness variation, which can also reduce the transmission spectrum envelope.  
The result is an overestimate of the extinction coefficient as shown in Figs. 3.15(c) 
and 3.16(c).  In general, when the non-uniformity is small, say about less than 20 nm, 
the conventional envelope method gives similar results to the OPE method.  
 Results for all the films tested are tabulated in Table 3.6 and the following is a 
summary of the relation of film parameters to deposition conditions. Refractive index 
does not show any specific trend with substrate temperature.  But low laser fluence 
always produces films with a higher refractive index.  The smallest extinction 
coefficient is 4.55×10-4 and is obtained at high laser fluence and a 300ºC substrate 
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temperature.  In general, low substrate temperatures produce smaller extinction 
coefficients.  Increased film thickness naturally leads to larger non-uniformity that in 
turn results in reduced transmission spectra envelopes. The direct bandgaps of the 
AlN films were derived by fitting the derived absorption coefficient to the relation 
 and are shown in Table 3.6. High temperature and low fluence 
deposition give the largest bandgap energy that is close to that of bulk AlN (6.2 eV).  
This might imply that high substrate temperature and low laser fluence (low 
deposition rate) favor fewer defects in the film crystal structure.  These aspects of 
film structure and properties will be addressed in a subsequent chapter. 
2/1)( gEhAh −= ννα
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Figure 3.15.  Optical properties of an AlN film deposited at high fluence and a 500ºC 
substrate temperature: (a) transmittance, (b) refractive index, and (c) extinction 
coefficient.  Notation in the legends: exp (experimental measurement); fitted (the 
OPE method); wedge (wedge-shaped envelope method); convention (conventional 
envelope method). 
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Figure 3.16.  Optical properties of an AlN film deposited at low fluence and a 300ºC 
substrate temperature: (a) transmittance, (b) refractive index, and (c) extinction 
coefficient.  Notation in the legends: exp (experimental measurement); fitted (the 






Figure 3.17  Representative cross-section SEM micrograph of an AlN film deposited 






Figure 3.18  Thickness profile along the axis of the aperture for a fractured AlN film 
deposited at high fluence and a 100ºC substrate temperature.  The inset shows the 
profile in the region of the 4 mm aperture centered at 40.4 mm and the linear 
regression fit to that data. 
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Sample Method d (nm)  Δd (nm) n k (×10-4) 
OPE Method 1499 45 2.09    4.8 
Wedge-shaped method 1456 57 2.15 -  0.9  
High fluence, 
500ºC, χ = 0.986 
Conventional method 1974 N/A 1.91   10.8 
OPE Method 491 13 2.22    9.9 
Wedge-shaped method 477 28 2.28 -  3.9 
Low fluence, 
300ºC, χ = 0.990 
Conventional method 502 N/A 2.17   13.9 
 
 
Table 3.5 Comparison of properties of AlN films determined by the OPE method, the 







Film sample T (ºC) 
n 
at 633 nm 
k  










100 2.06 6.38 2264 73 1.6 4.40 
300 2.01 4.55 1881 68 2.3 5.05 
500 2.09 4.81 1499 45 1.5 5.21 
High Fluence 
(3 – 12 J/cm2) 
700 2.07 8.20 1849 46 2.6 5.23 
300 2.22   9.9   491 13 0.5 5.62 
500 2.15 15.0   575 20 2.5 5.81 
600 2.15 17.9   392   8 1.0 5.88 
Low Fluence 
(0.7 - 3.0 J/cm2) 
800 2.18 22.6   553 15 2.4 5.82 
Table 3.6.  Properties of AlN films analyzed by the OPE method.  RMS surface 
roughness was measured by AFM as described in the text, and Eg was derived from 




 We investigated film on substrate system and derived the numerical expression 
for the transmittance and reflectance without any approximation. We also have 
described a new method for extracting properties of wedged and absorbing thin films, 
including refractive index, extinction coefficient, and thickness, based only on a 
measurement of the transmission (or reflection) spectrum.  This Optimum Parameter 
Extraction (OPE) method utilizes a combination of numerical optimization, efficient 
models of dispersive film parameters, and film transmission equations derived for 
wedged, non-uniformly thick, and absorbing films (having 2-D non-uniformity) 
measured through a rectangular aperture.   
 We also introduced a one-parameter, packing-density model for refractive index 
that requires measurement of the refractive index dispersion of the same or similar 
material.  The Sellmeier equation was also shown to work, but with the disadvantage 
of having more parameters to fit. 
 The OPE method was found to accurately predict the values of optical constants 
for test cases that produced large errors when determined using previous methods.  
We showed that the OPE method could incorporate only 1-D non-uniformity in 
thickness and still converge rapidly and predict the values of optical constants 
accurately when a rectangular illumination area was used to record the transmission 
spectrum.  It is also possible to include both 2-D wedge and non-uniformity in 
thickness if a stochastic algorithm such as a genetic algorithm were to be employed.  
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Usually, a hybrid algorithm which combines a stochastic algorithm with a 
deterministic algorithm is employed when the cost function has numerous local 
minima around global minimum.  In this case, it would take longer to converge. 
Although we showed our OPE method in the case of transparent substrate and single 
film on substrate system, It can be generalized to any multiple layers using equation 
(3.1). The substrate does not have to be transparent and the system could be multi-
layer sample. But for high precision, it is desirable that the information of only one 
layer should be extracted step by step.  
 A number of AlN films were also tested to compare the performance of the 
various methods.  Using our OPE method, optical properties of AlN thin films were 
accurately determined, whereas the presence of absorption and thickness non-
uniformity in the films resulted in large errors when other methods were used. 
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Fabrication and characterization of aluminum 











The construction of nanocomposites involves the intimate mixing of functional 
materials within a matrix that can be processed. Matrix materials can be polymers, 
polymer blends, glasses, ceramics or semiconductors. Optical transparency is the one 
of the most important characteristic for optoelectronic and photonic applications 
because it is directly related to optical loss. In this context, AlN thin film is an 
excellent candidate as an encapsulating material for optical nanocomposites due to its 
various unique properties. First, it has a wide band gap 6.2 eV and a small extinction 
coefficient which allows it to be used for applications in the ultra-violet (UV), visible 
and infra-red (IR) domain. In addition, it has high values of surface acoustic velocity, 
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large dielectric constant, high temperature stability, and hardness. These 
characteristics make it ideally suited for use in a number of structural, optical, and 
electronic applications. 1, , , , , , 2 3 4 5 6 7 AlN  also is a strong potential candidate for use 
in the fabrication of blue light emitting diodes (LED) because it can be alloyed with 
GaN to create AlGaN based optical devices. The combination of these characteristics 
of AlN makes its thin film a suitable candidate for protective optical coatings and 
surface passivating layers of GaN nanocomposite.  
 The goal of this chapter is to study correlations between optical properties, 
structural properties and the processing conditions of AlN films in order to exploit the 
feasibility of AlN thin film deposited by the PLD technique for nonlinear 
nanocomposites. Since our main objective was to produce films suited for an 
encapsulating layer of optical nanocomposites, processing conditions will be focused 
on producing films with good optical properties. 
AlN thin films have been produced using many different methods including 
metalorganic chemical vapor deposition (MOCVD) 8  plasma-assisted molecular 
beam epitaxy (MBE) 9 , reactive magnetron sputtering( RMS) 10  and pulsed laser 
deposition (PLD).11 As described in chapter 2, PLD is particularly well suited to the 
production of AlN thin films for optical applications because of high deposition rates 
and efficient fabrication of high-quality, stoichiometric films at low deposition 
temperatures.12 Although the influence of PLD processing parameters (laser fluence, 
substrate temperature, and ambient gas type and pressure) on the microstructure of 
AlN films have been studied previously, contradictory results have been reported. For 
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example, some authors have reported that the highest quality films are produced 
under vacuum13, ,  ,  14 15 16, while others have reported that Al decomposition (nitrogen 




20 21. There are also discrepancies regarding the influence of  substrate temperature 
or/and ambient pressure on deposition rate22 23 24. Thus, the critical process variables 
necessary to obtain optical-quality AlN films by PLD remain  uncertain.  
We have performed a series of experiments aimed at elucidating the critical 
processing parameters that influence the optical properties, crystal texture, and their 
correlation for AlN films deposited on sapphire substrates by PLD. AlN Films have 
been deposited by varying processing parameters including laser fluence, substrate 
temperature, gas pressure, and deposition rate. The films were then examined using 
various characterizing techniques.  
PLD films are generally non-uniformly thick due to the narrow angular 
distribution of the plume 25 . This leads to significant errors in the derived 
determination of optical constants measured using conventional methods26. To avoid 
these errors due to the films’ non-uniformity and accurately determine optical 
properties including extinction coefficient, refractive index and thickness, the 
spectroscopic results were interpreted using a novel numerical procedure (OPE 
method) that was explained in chapter 3 and elsewhere27. In this chapter, we for the 
first time, report for the dependence of both optical properties, structural properties, 
and their correlations for AlN films on sapphire substrates as a function of PLD 
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processing parameters. We also explore the potential causes for discrepancies in 
results that have been reported previously. 
 
4.2. Experiment 
4.2.1 Deposition conditions 
 AlN films were deposited using a UHV vacuum system evacuated by a turbo-
molecular pump to a base pressure of 1.0×10-8 Torr (1.3 x 10-6 Pa); a schematic 
diagram of the PLD system has already been shown in Fig. 3.17 of chapter 3. The 
PLD target was a rectangular, stoichiometric AlN slab with a purity of 99.99% 
fabricated by hot pressing (Sputtering Materials Inc., Reno, NV). The laser was 
brought into the chamber through a UV-fused silica window that was at a 60˚ angle 
relative to the target surface. For preparation of most of the samples, the target was 
placed 5.1 cm from the temperature-controlled substrate. However, for one set of the 
specimens, the target -to-substrate distance was increased to 12.3 cm in order to 
decrease the deposition rate without changing the other process conditions. Films 
were deposited onto sapphire (0001) substrates that were first degreased with acetone 
and methanol in an ultrasonic bath and then were heated to 900ºC in vacuum for 45 
min. prior to deposition. Depositions were carried out at different ambient pressures 
ranging from 1.0 ×10-8 Torr to 4.5 ×10-4 Torr and substrate temperatures ranging from 
100 to 900ºC for either 25 min or 50 min. Nitrogen with purity of 99.9% was used to 
control the gas pressure.  
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 A KrF excimer laser (Lumonics PM-848), λ = 248 nm, PRF = 30 Hz, and τ = 14 
ns, was used to ablate the target. The laser was focused to a 30 mm by 10 mm 
rectangle using a 32 cm focal-length lens. The eccentric lens was rastered over a 1.5 
mm by 3 mm oval path to minimize the creation of a crater. However, this motion 
resulted in a non-uniform laser fluence because the size of the focus varied by a factor 
of approximately three, depending on position. Thus, the fluence is reported as a 
range in two regimes, low fluence with a range of 1-3 J/cm2 and high fluence with a 
range from 4-12 J/cm2. 
 A second factor that influences the laser fluence during PLD but which has not 
been considered previously is the gradual reduction in laser fluence that inevitably 
occurs as deposition occurs on the window to the chamber. To test the significance 
this effect in our chamber, we made a series of samples at fixed fluence, ambient 
pressure, and deposition time. We found that the transmission through the window 
decreased by 5-10% during a single deposition. Subsequently, to account for this 
effect, we calculated the on-target laser fluence after each deposition by measuring 
the transmission through the chamber window using UV-VIS spectroscopy and then 
adjusting the reported fluence values accordingly. 
 
4.2.2 Characterization of the films 
  Mechanical profilometry was used to measure film thickness. The surface 
roughness was measured using atomic force microscopy (AFM). The cross sections 
of the films were also examined using scanning electron microscopy (SEM) to verify 
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thickness and thickness variation. To measure film composition electron dispersive 
spectroscopy (EDS) was carried out. X-ray diffraction (θ-2θ) and rocking curve 
analyses were performed to determine the crystal structure and crystal texture of the 
films. 
 Optical transmission spectra of the films were acquired over wavelengths from 
200 nm to 1000 nm  (1.2 to 6.2 eV) using UV-VIS spectroscopy. Optical properties, 
including extinction coefficient, refractive index, and film thickness, were obtained 
from the spectra using a novel numerical method (OPE method) which 
accommodates variations in film thickness. The direct bandgaps of the AlN films 
were also determined from the optical data. 
 
4.3 Results 
 Three sets of data are shown: 1) low fluence at high deposition rate, LFHD (1-3 
J/cm2, d =5.1 cm), high fluence at high deposition rate, HFHD (4-12 J/cm2,d = 5.1 
cm), and high fluence at low deposition rates, HFLD (4-12 J/cm2, d = 12.3 cm).  
 
4.3.1 Influence of pressure 
The deposition chamber was evacuated to a pressure of 1×10-8 Torr and then back 
filled with N2 to reach the final base pressure for deposition. Films were prepared at 
pressures of 1×10-8, 4.5×10-7, 4.5×10-6, 4.5×10-5 and 4.5×10-4 Torr under both low 
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and high fluence conditions. The substrate temperature for these experiments ranged 
from 300 to 900˚C.  
Results from UV-Vis spectroscopy showed that the films deposited at low 
pressures (less than 4.5 x10-5 Torr) exhibited poor transmission (less than 50% at a 
wavelength of 633 nm), independent of the laser fluence and substrate temperature. In 
contrast all films produced at higher pressure (4.5×10-4 Torr) had good transmission 
(greater than 70%) independent of laser fluece intensity. The poor transmission for 
films deposited at low pressures has previously been attributed to decomposition of 
the AlN during PLD. 28, , ,, 29 30 31 Decomposition results in the incorporation of excess 
Al or deficiency N in the films that is responsible for the dark grey coloration and 
poor transmission. The presence of metallic Al was verified by x-ray diffraction in 
our films produced at high fluence and at a base pressure of 1×10-8 Torr. Because of 
the poor transmission of all of the films produced at low pressure, further detailed 
analysis on these films was not performed and all of the remaining experiments were 
conducted on films produced at a nitrogen pressure of 4.5×10-4 Torr. 
 
4.3.2 Influence of temperature, fluence and deposition rate 
Since the on-target fluence could not be held constant as a result of deposition 
onto the chamber window and the associated absorption in the window, the influence 
of temperature, fluence and deposition rate could not be analyzed independently. 
Thus, to determine the influence of each of these variables, the data were analyzed 
using independent linear regression with temperature, fluence and deposition rate as 
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the independent variables or using multiple linear regression32 to simultaneously fit 
two parameters (temperature and fluence or temperature and deposition rate) as 
independent variables. 
Multiple linear regression was applied when more than one processing parameter 
was varied. Since it allows the relative influence of each variable to be determined 
even when individual variables have different measurement scales through 
standardized regression, coefficient, “beta (β)”. Beta (β) is the regression coefficients 
of the same variables when they are converted to same scale. It is useful to compare 
the relative explanatory power of different independent variables especially when 
individual variables have different measurement scales. 
The F statistic or the F-observed value was used to determine whether the 
observed relationship between the dependent and independent variables occurs by 
chance. The result of the F-test is indicated by “F” value and "significance F". If the 
F-observed value is substantially greater than the F-critical value, the regression 
equation is useful in predicting the assessed value. The value of "Significance F" 
displayed depends on the results of the regression analysis and the confidence level 
chosen in the regression analysis dialog box. Normally, for a confidence level of 95%, 
if "Significance F" is <0.05, then the null hypothesis is rejected (there is a statistically 
significant association between the dependent and independent variables). Conversely, 
if "Significance F" is >0.05, then the null hypothesis is accepted (there is no 
statistically significant association between X and Y).  
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T-test is another useful hypothesis test that will determine whether each slope 
coefficient is useful in estimating the assessed value of the dependant variables. If the 
absolute value of t is greater than t-critical value, the corresponding variable is an 
important variable when estimating the assessed value of the dependant variables. 
Each of the other independent variables can be tested for statistical significance. The 
t-observed values and the associated P value also were acquired for each of the 
independent variables. 
4.3.2.1 Composition of films 
The composition of the films at high pressure (4.5 x10-5 Torr) was measured using 
SEM EDS. However, because the substrates in our experiments were Al2O3, the 
absolute concentration of the films could not be determined quantitatively from this 
measurement in either plan view or cross sections because the electron beam 
penetrated through the film into the substrate and thus the signal for Al came from 
both the film and substrate.  
   
4.3.2.2 Crystal structure 
In Fig 4.1, x-ray diffractions patterns (θ-2θ) are shown as a function of 
temperature and nominal fluence. For the films deposited at high fluence (Fig 4.1 (a)), 
the patterns show a single peak that is attributed to AlN along with a peak associated 
with the sapphire substrate at 2θ = 41.8˚. At low deposition temperatures, the AlN 
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peak corresponds to (100) but as the temperature is increased, there is a transition to 
an (002) texture. Similarly, for films deposited at low fluence (Fig 4.1 (b)), there is 
also only one peak present that is attributed to AlN. However, all of the films 
deposited at low fluence exhibit an (002) texture, independent of the deposition 
temperature. No other peaks were present in the films deposited at either high or low 
fluence, confirming the absence of metallic Al in the films. 
Although the intensity of the diffraction peaks has been used previously as a 
measure of the degree of crystalline texture present in AlN films, direct comparisons 
should not be ascertained from a (θ-2θ) patterns alone because the intensity of the 
peaks may be affected by 1). film thickness, 2). crystallite size, and 3). misorientation 
of the film relative to the substrate. All of these factors likely occur as a result of 
variations in laser fluence, substrate temperature and deposition rate that occur during 









Figure 4.1. X-ray scans obtained from AlN films deposited at various temperatures, 
(a) high fluence and (b) low fluence 
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4.3.2.3 Crystallographic texture 
The degree of texture in the films was measured using a rocking curve analysis. In 
Fig 4.2 (a), the (002) rocking curves are shown for films deposited at high fluence at 
temperatures between 500-900˚C. Similarly, the rocking curves for the films 
deposited at low fluence are shown in Fig 4.2 (b). There are no obvious systematic 
trends in the data when performing either independent and multiple regression. We 
found little correlation between FWHM (a full-width half maximum) values and the 
processing parameters.  
The rocking curves have a full-width half maximum (FWHM) of 1-14˚ and are 
shifted slightly from the origin. From the breadth of the rocking curves it is clear that 
all of our films are polycrystalline but are strongly textured with a preferred 
crystallographic orientation with respect to the substrate. The shift from the origin 
indicates that the growth orientations of the grains in some of the films are tilted 
slightly (up to ±5˚) with respect to the substrate. 
Previously, it has been reported that single crystal AlN can be deposited at low 
temperatures by PLD ,33 34. However, an examination of the rocking curves reported 
for these films deposited onto sapphire and silicon shows that they exhibit FWHM of 
several tenths of a degree to several degrees, depending on deposition temperature. 
Since the experimentally measured FWHM for a single crystal with a smooth flat 
surface is typically of order 0.03˚ 35 , the previous results are not consistent with 
single crystal AlN; based on these results we believe that these films were likely 
polycrystalline for samples produced at temperatures of 800˚C or below. At a 
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deposition temperature of 850˚C, the FWHM was reduced to 0.07˚ which indicates 
that single crystals may be possible at high deposition temperatures. In a subsequent 
study, where the crystal orientation was examined by a combination of x-ray 
diffraction, TEM, and AFM, showed that AlN deposited on sapphire at 920˚C may be 
single crystal but that at lower temperatures the films are polycrystalline and 
textured 36 . Our results appear to be consistent with this finding for AlN films 








Figure 4.2. X-ray rocking curves obtained from AlN films deposited at various 
temperatures, (a) high fluence and (b) low fluence 
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4.3.2.4 Surface roughness 
The surface roughness was analyzed over a 2 μm × 2 μm area using atomic force 
microcopy (AFM); results are shown in Table 4.1 (a), (b) and Fig. 4.3. As is typical 
for PLD-produced films, the RMS roughness values are quite small (< 3nm, 
compared to the substrate RMS < 0.3nm). Performing both independent and multiple 
regressions, we found little correlation between the RMS roughness values and the 
deposition temperature or fluence. However, from Table 4.1 (a), (b), it is apparent 
that the lowest values of surface roughness are consistently obtained in the thinnest 
samples. This correlation between deposition rate and surface roughness is also 
consistent with previous observations that show surface roughness increases with film 
thickness because the gain size is increased as the film thickness increases.37, , ,38 39 40. 
Since deposition time was a fixed variable in each regime, this also implies that the 
surface roughness increases with deposition rate. Typical measurements of the film 
surface profile by an AFM image were shown in Fig 4.4. 
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 (a) 
              
High Laser Fluence (HF) 
Temperature (ºC) 100 300 500 700 900 HFLD (500)
Maximum Laser Fluence 
(J/cm2) 12.2 10.5 7.8 9.6 8.7 10.5 
Deposition rate (nm/min) 45 38 30 37 33 5 
FWHM of <002> rocking 
curve N/A N/A 8.4 5.3 6.9 2.9 
RMS Roughness (nm) 1.6 2.3 1.5 2.6 1.9 0.4 
n at 633nm 2.06 2.08 2.09 2.07 N/A 2.07 
k (×10 ) at 633nm-4 6.4 4.6 4.8 8.2 N/A 19.9 
t (nm) 2264 1881 1499 1849 1667 261 
Δt (nm) 73 68 45 46 N/A 2 






            
Low Laser Fluence (LF) 
Temperature (ºC) 300 500 600 700 800 
Maximum Laser Fluence 
(J/cm2) 2.0 2.4 1.8 2.8 2.2 
Deposition rate (nm/min) 20 23 16 31 22 
FWHM of <002> rocking 
curve 13.9 3.7 3.4 8.2 3.0 
RMS Roughness (nm) 0.5 2.5 1.0 2.1 2.4 
n at 633nm 2.22 2.15 2.15 2.10 2.18 
k (×10 ) at 633nm-4 9.9 15.0 17.9 20.0 22.6 
t (nm) 492 575 392 786 553 
Δt (nm) 13 20 8 27 15 
Bandgap (ev) 5.6 5.8 5.9 5.6 5.8 
  
  
   
Table 4.1. (a) the properties of HFHD and HFLD (b) the properties of LFHD 
 
  





Figure 4.3 RMS surface roughness of AlN films versus film thickness measured from 
2 × 2 μm atomic force microcopy (AFM) scans. 
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(a)                                                                     (b) 
 
             
 
 
Figure 4.4 Measurements of the film surface profile by an AFM image of (a)AlN 
deposited at high fluence with a substrate temperature of 500ºC and (b) AlN 
deposited at low fluence with a substrate temperature of 300ºC. 
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4.3.2.5 Optical properties 
To accurately determine optical properties for films with thickness variations, we 
have recently developed a numerical method that can be applied successfully to 
extract films properties from UV-Vis transmission spectra, even when the films are 
wedge-shaped and somewhat absorbing. The following is a brief description of the 
optimum parameter extraction (OPE) method. We begin with a realistic dispersion 
model for refractive index and extinction coefficient. We then use a numerical fitting 
technique where we attempt to minimize the difference between the experimental and 
numerically-derived transmission spectra by adjusting the variables considering the 
effect of thickness variation. 
Typical results are presented in Fig. 4.5 for representative films produced at high 
fluence and low fluence showing the best fit, numerically derived transmittance 
spectra using the OPE method overlaid over the experimental data (Fig. 4.5 (a)), and 
the numerically determined refractive index (Fig. 4.5 (b).) and extinction coefficient 
(Fig. 4.5 (c)). The sample prepared at 900 ºC and at high fluence was excluded from 
optical analysis because it was strongly absorbing and the OPE method could not be 
used in this case. 
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(b)                                                                   (c) 
 
Figure 4.5  Optical properties versus wavelength for AlN films deposited at high 
fluence, 500ºC substrate temperature and at low fluence, 300ºC substrate temperature: 
(a) transmittance; experimental (T-exp) and fitted by the OPE method (T-fitted), (b) 
refractive index, and (c) extinction coefficient.  
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4.3.2.5.1 Refractive index 
The OPE method was used to extract the optical properties from the spectra; Fig. 
4.6 shows the refractive indexes at a wavelength of 633 nm versus substrate 
deposition temperatures. The refractive indexes are 2.074 ±0.011 (0.5 %) for the 
samples produced at high fluence and  2.160 ±0.044 (2%) for samples produced at 
low fluence. The films produced at low fluence consistently have a higher refractive 
index than those produced at high fluence. The sample produced at high fluence but 
low deposition rate (HFLD) exhibit a refractive index similar to that produced at high 
fluence but high deposition rate (HFHD). This confirms that the refractive index 
depends on laser fluence rather than simply deposition rate and substrate temperature. 
There does not appear to be a systematic trend between substrate temperature and the 
refractive index within the resolution of the OPE method (2%). This result is 
consistent with the findings of other studies with similar resolution limitations 41, 42.  
 
4.3.2.5.2 Extinction coefficient 
Fig. 4.7 shows the extinction coefficient, k, versus temperature. From this plot, it 
is clear that films deposited at high fluence and low substrate temperatures have a 
lower extinction coefficient (i.e. are more transmissive) than those deposited at low 
fluence and high substrate temperature. Contrary to previous suggestions41,42, we did 
not find a correlation between extinction coefficient and crystalline texture. In fact, 
the samples that had the lowest extinction coefficient were produced at low substrate 
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Figure 4.6  Refractive index (n) versus temperature for AlN films deposited at high 
and low fluence. 
 
Figure 4.7. Extinction coefficient (k) versus temperature for AlN films deposited at 
high and low fluence. 
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4.3.2.5.3 Bandgap  
The direct bandgap, Eg, of the films was determined by fitting the absorption 
coefficient, α, to the well- known relation 
2/1)( gEhAh −= ννα         (4.1) 
where α is related to k by  παλ 4/=k , A = arbitrary proportionality  factor, h = 
Planck’s constant (6.62607×10-34 , J.s ) and ν = frequency . Figure 4.8 (a) and 4.8 (b) 
are plots of Eg versus temperature and deposition rate, respectively. Figure 4.8 clearly 
shows that Eg increases with temperature and decreases with deposition rate, although 
for samples deposited at low fluence the dependence of both parameters on 
temperature is rather weak. The maximum values of Eg for our films approached 6.0 
eV, which is close to the bulk value (6.2 eV). 
Multiple regression was initially performed with the independent variables of 
temperature and fluence. However an even stronger correlation was observed when 
temperature and deposition rate were used as the independent variables. The results of 
the multiple linear regression are shown in Table 4.2. The adjusted R2 value for 
samples deposited at high fluence was very high (0.92) but was low for samples 
deposited at low fluence (0.28). Although a low value of adjusted R2 could indicate 
Eg is not strongly dependent on temperature and deposition rate for the samples 
deposited at low fluence, low values of adjusted R2 could also result if Eg varies non-
linearly with temperature and/or deposition rate. This is possible in this case because 
the bandgap at low fluence is very close to the value for bulk AlN (6.2 eV). Thus, for 
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samples deposited at high fluence, when Eg is far from bulk value, Eg may vary 
linearly with temperature and deposition rate and accordingly exhibit very high 
adjusted R2 values (high fluence) whereas at low fluence the bandgap may begin to 
plateau near the bulk value and therefore exhibit a low value of adjusted R2. Based on 
the beta values shown in Table 4.2, bandgap depends more strongly (with a negative 










Figure 4.8. Bandgap (Eg) versus (a) temperature and (b) deposition rate for AlN 
films deposited at low and high fluence. 
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0.92, 6 0.28, 5 0.82, 11 
F stat, 
Significance F 31.06, 0.01 1.76, 0.36 31.06, 0.01 
  β  t stat P-value β  t stat
P-
value β  t stat 
P-
value 
Temp. 0.41 3.20 0.05 0.57 1.38 0.30 0.37 3.01 0.02 
Deposition rate -0.81 -6.21 0.01 -0.66 -1.69 0.23 -0.79 -6.43 0.0002
 
Table 4.2. Results of multiple linear regression for bandgap 
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4.4 Summary and discussion 
 Aluminum nitride films were grown using PLD onto sapphire (0001) substrates 
using varying processing conditions (temperature, nitrogen pressure, and laser 
fluence). As our objective was to produce films with good optical properties, they 
will be discussed first and then crystal structure and their relationships will follow. 
  The films deposited at low nitrogen pressures (less than 4.5 x10-5 Torr) exhibited, 
without exception, poor optical transmission, independent of the laser fluence and 
substrate temperature. In contrast, all films produced at higher nitrogen pressure 
(4.5×10-4 Torr) exhibited high transmission (k = 0.5 - 2.5 x 10-3). We can speculate 
that a critical pressure exists between 4.5×10-5 Torr and 4.5×10-4 Torr, above which 
the film transparency becomes high. 
 All of our films were deposited using nitrogen of 99.9% purity. Of the films 
deposited at the higher nitrogen pressure, those deposited at low substrate 
temperatures had a lower extinction coefficient than those deposited at higher 
substrate temperature (up to 800°C). Our results show unambiguously that high 
quality films with high optical transmission can be deposited by PLD without 
resorting to high temperatures or UHP (ultra-high purity) processing conditions. 
Although all of our films were polycrystalline, we found that, contrary to previous 
reports43 this did not significantly effect transmission because of the fine grain size in 
the films. In fact, the samples that had the lowest extinction coefficient were 
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produced at low substrate temperatures and had relatively poor alignment of the 
grains to the substrate. 
 When analyzing the variation of extinction coefficient, k, versus temperature and 
fluence shown in Fig. 4.7, one notices that k is larger for the thinner films (i.e., all 
those deposited at lower laser fluence). These films deposited at lower fluence had a 
stronger dependence on temperature but generally about the same physical thickness. 
This behavior is inconsistent with bulk absorption in the AlN film. However, it is 
consistent with absorption arising from a thin absorbing layer whose absorption 
increases with temperature but is independent of AlN film thickness. The possibility 
of a very thin surface oxide layer contributing to the measured absorption will be 
discussed later. 
 The bandgap was derived from these absorption measurements. We found that 
bandgap increased with both temperature and deposition rate. In multiple regression 
analysis, deposition rate was found to have a stronger influence on bandgap than 
temperature. This would imply that high substrate temperature and low deposition 
rate favor fewer band-edge defects in the film, but that these defects do not correlate 
with absorption at visible wavelengths.  
 Refractive index, on the other hand, showed little systematic dependence on 
processing parameters except for the observation of higher index values (nearer the 
bulk value) for deposition at low fluence. This result is consistent with previous 
reports for AlN films deposited by r.f magnetron sputtering.44  It is possible that small 
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systematic variations in refractive index may occur, but if these variations are less 
than the measurement error of 2%, they would not be observed.  
 Our extensive X-ray diffraction measurements of the films’ structure showed that 
at high fluence and low deposition temperatures, the grains were of (100) orientation, 
but as the temperature was increased, there was a transition to a (002) texture. All the 
films deposited at low fluence exhibited a (002) texture. Although the grains 
exhibited a preferred texture, grain orientations were broadly distributed in angle (up 
to 14° FWHM) and the mean orientations of the preferred axes were tilted with 
respect to the substrate by up to ±5°, depending on sample processing conditions. We 
observed no correlation between the degree of texture and the optical properties. 
However, the variation in the texture orientation observed across a sample might 
make a weak dependence impossible to observe. This variation in texture orientation 
measured across a sample deposited at 900°C was observed to correlate with the 
visible variation in its brownish color (opacity). 
 Finally, we consider the possibility of an oxide layer on the films’ surface and 
how it might contribute to the observed extinction coefficient behavior that is 
inconsistent with bulk absorption in the film. Such a thin oxide layer, ~10 nm, would 
be invisible to optical diagnostics (except for its overall absorption) and its thickness 
could not be obtained from other surface spectroscopies. Its thickness would depend 
mainly on substrate temperature and oxidation time. Thus, the samples deposited at 
the same temperature probably have oxide layers of similar thickness and therefore 
similar optical absorption irrespective of fluence. As a result, the extinction 
 120
coefficient extracted by the OPE method for thicker films is relatively less affected by 
the oxidation layer absorption. All of the low fluence (thinner) samples had higher 
extracted extinction coefficients than the high fluence (thicker) samples at same 
substrate temperature and thus were more affected by the oxide thickness (increasing 
with deposition temperature). The brownish color of the samples prepared at 900 ºC 
can be attributed to more severe surface oxidation as the oxidation kinetics accelerate 
rapidly at this temperature. This result appears to be consistent with the oxidation of 
AlN films observed by many other authors (Lee et al45 and Kolodzey et al46). Yue et 
al47 reported finding that there was already a very thin oxidation layer in the surface 
region of AlN at room temperature, and Chowdhury et al 48  showed that below 
1000ºC, the rate of oxidation was relatively slow but increasing above this 
temperature. We can conclude that the surface oxidation rate of our AlN films 
increased dramatically between 800 and 900 ºC and begin to show its brown color in 
the samples deposited at 900ºC. Any subtle correlation between AlN film extinction 
coefficient and crystal properties was probably not found due to the dominant 
absorption of the surface oxidation layer. Localization of the majority of the 
absorption in the oxidation layer does place an upper limit on the AlN film absorption, 
and indicates that the extinction coefficient in the AlN films was remarkably low (< 
5x10-4 at 633 nm). 
 In conclusion, we report that low optical absorption, textured polycrystalline AlN 
films can be produced by PLD on sapphire substrates at both low and high laser 
fluence using a background nitrogen pressure of 4.5×10-4 Torr at 99.9% purity. 
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Further investigation of the AlN film’s optical absorption for deposition at high 
temperatures would require the use of UHP gas in order to prevent film surface 
oxidation during the cool-down time following deposition.  
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Nonlinearity is important in various fields of science and technology, especially 
for optical communication.  Faster and more sensitive optical devices are necessary to 
increase data communication speeds.  A high-speed device has also been of interest as 
a sampling tool for measurement of various optical signals in such areas as time-
resolved spectroscopy and characterization of high-speed optical components and 
systems. Further, because the time scale of interest becomes shorter than the limited 
response time of the fastest electro-optic devices, optical devices which rely on 
nonlinear optical phenomena are being actively pursued in a variety of systems such 
as organic and inorganic crystals, polymers and fullerenes1, , .2 3  In order for all optical 
techniques to find a wider application, it would be favorable to use the highly 
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efficient nonlinearity of semiconductors and metals. Semiconductor and metal based 
devices are promising due to their compactness, robustness, and high compatibility 
with existing technology. However, they are not yet practical because of the 
limitations of existing nonlinear materials. Materials with large optical nonlinearity 
and fast response time are essential for future optical device application. Therefore, 
we need to find and develop materials that, at the same time, present large 
nonlinearities and satisfy various other technological and economical requirements.  
Over the past decade, there has been much scientific activity in the synthesis and 
study of nanocomposites.  Work to develop composites containing particles with 
diameters in the range of one to several tens nanometers, has became a major 
interdisciplinary research area. There have been many reports which have shown that 
when material dimensions are decreased to the nanometer scale, new phenomena 
occur that were not present on larger scales. In particular, the nonlinear optical 
response of nanoparticles and nanocomposites clearly distinguish themselves from 
the corresponding “bulk” material.  The differences in properties are due not only to 
their atomic-like structure but also their interface and surface structures. 4   
Consequently, intensive investigations on the nonlinearity of nanoparticles and 
nanocomposites recently have been carried out. Concurrently, nanocomposites 
formed by semiconductor or metal nanoparticles embedded in dielectric hosts have 
been intensively studied because the enclosing matrix (mostly thin films) imparts 
processability which benefits silicon-based technologies.  Semiconductor fabrication 
processes will help create new ways to make highly sensitive, accurate and practical 
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nono-composite devices for various applications.  As such, nanocomposite are of 
practical interest as the final form of these novel materials. 
In this chapter, we discuss the actual fabrication technique used to make 
semiconductor and metal nanocomposites.  The theory for LAM (Laser Ablation of 
Microparticle) and PLD (Pulsed Laser Depostion) was previously discussed in 
chapter 2.  In addition, the characterization of the second harmonic generation (SHG) 
and third harmonic generation (THG) is discussed. 
It should be noted that all samples in chapter 5 were fabricated by the author, 
Jonghoon Baek and SHG and THG signal were measured by the coworker, David 
Stoker. Therefore, some of figures in chapter 5 were also used in David Stoker’s 
thesis5. However, all interpretations were unique and made by the author, Jonghoon 
Baek. 
 
5.2 Theoretical background 
5.2.1 Nonlinear optical effect for high irradiance beam 
The oscillating electromagnetic field of a light wave incident on a polarizable 
medium deflects the electrons from their equilibrium positions and leadsing to 
oscillating dipoles in the medium. These oscillating dipoles induce a macroscopic 
polarization P which leads to the refracted and reflected light wave. In the framework 
of linear optics, the deflection of electrons can be described as a harmonic oscillation 
becasuse the external field strength involved is much smaller than the intra-atomic 
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field strength. In such a case, the polarization P is proportional to the incoming 
electric field E. The proportionality constant χ depends on the properties of the 
irradiated material and is called the susceptibility. For high irradiances, polarization 









                         (5.1) 
where P, E and χ(n)  denote induced polarization of medium, electric field and nth 
order nonlinear susceptibility respectively. 
Therefore, in the framework of nonlinear optics, the induced polarization is 
written as a power expansion of the electric field. The nonlinear polarization terms in 
Eq. (5.1) serve as a source for the generation of new waves oscillating at frequencies 
2ω, 3ω, 4ω, 5ω etc.   They are called higher harmonic generation terms. For bulk 
solids, χ(1) is of the order 1, χ(2) is about eight orders of magnitude smaller (~10-8 esu) 
and χ(3) is another seven orders of magnitude smaller (~10-15 esu). Therefore, to 
observe higher harmonic generation, the irradiance beam should be in the order of the 
intra-atomic field strength. It is possible today because ultrashort lasers with high 
power are readily available. 
5.2.2 Second harmonic generation  
Among the examples of χ(2) processes, second harmonic generation (SHG) is the 
most typical phenomenon, illustrated schematically in Fig. 5.1. Here a laser beam 
whose electric filed strength is represented as 
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..exp)( ccEtE ti += − ω                                (5.2)       
is incident upon a nonlinear media infor which the second-order susceptibility χ(2) is 
nonzero. The second order polarization that is created in such a nonlinear media is 
given as 
).exp(*2)( 22)2()2()2( ccEEEtP ti ++= − ωχχ      (5.3)   
We see a contribution at frequency 2ω. Therefore, this second order polarization can 
lead to the generation of radiation at the second-harmonic frequency. One common 
use of second harmonic generation is to convert the output of a fixed frequency laser 
















Figure 5.1 (a) Geometry of second-harmonic generation. (b) Energy-level diagram 




















Figure 5.2 (a) Geometry of third harmonic generation. (b) Energy-level diagram 
describing third harmonic generation.
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5.2.3 Third harmonic generation 
Similarly, third harmonic generation (THG) is the simplest case among examples of 
χ(3) processes, which is illustrated schematically in Fig. 5.2. The third order 
polarization that is created in a nonlinear media is given as 
ccEtP ti .exp)( 33)3()3( += − ωχ        (5.4)   
Eq (5.4) describes a response at frequency 3ω. This term leads to third harmonic 
generation, which is illustrated in Fig. 5.2 (a), (b). The photon description of this 
process is shown in Fig 5.2 (b). Three photons ω are destroyed and one photon of 
frequency 3ω is created in each elementary event. 
 
5.2.4 Quantum confinement effect  
An exciton is the term used to describe the electron-hole pair created when an 
electron leaves the valence band and enters the conduction band. Excitons have a 
natural physical separation between the electron and the hole that varies from material 
to material.  The average separation is called the exciton Bohr radius. In a large 
semiconductor crystal, the exciton Bohr radius is small compared to the crystal, and 
the exciton is free to wander throughout the crystal. When crystal size (R) is smaller 
than exciton Bohr radius and exciton behavior is confined by its size, different linear 
and nonlinear properties change from bulk values. We call it a “quantum confinement 
effect” (QCE). Regimes of quantization of the exciton can be divided into two regions,  
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such as weak confinement (R » RB) and strong confinement(R « RB). Here, RB is the 









where e,,, μεh  denote the reduced Planck constant, permittivity, reduced mass and 
electron charge.   
It has been reported that a large enhancement of  is observed in particles with 
sizes smaller than an exciton bohr radius.
)3(χ
6, , ,7 8 9  However, the exact mechanism is not 
still clear. 
 
5.2.5 Particle plasmons in metal and local field enhancement 
The electron plasma in a metal can be geometrically constrained, the simplest 
example being small spherical particles, giving rise to quantized states. Such bound 
plasma oscillations are called localized surface plasmons or particle plasmons. For 
small particles in an applied electromagnetic field, the conduction electrons will move 
with the field creating a displacement compared to the positive ion background, 
which then acts as a restoring force. If the particle is spherical and its diameter is 













∝        (5.6) 
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where ε(ω) denotes the frequency dependent dielectric function of the nano particle, 
εm the dielectric constant of the surrounding medium. An applied static electric field 
induces a dipole moment p in a metal nanoparticle, which is proportional to the field 
strength E. Therefore, the proportionality constant is called electric polarization or 












∝=       (5.7) 
The polarizability α(ω) shows a resonance behavior. Resonance is obtained whenever 
the real part of the denominator becomes zero. 
Re{ mres εωε 2)( +  } = 0        (5.8) 
where ωres denotes the resonance frequency. 
It shows resonance is achievable just for negative values of the real part of ε(ω). This 
is the reason for the exceptional role of the noble metals Ag, Au and Cu for particle 
plasmon excitation: their real part Re{ε(ω)} fulfills the resonance condition in 
Eq.(5.8) at specific light frequencies. The resonance frequency ωres depends on the 
dielectric constant of the surrounding medium. Therefore, controlling ε(ω) allows in 
principle to tune the resonance frequency ωres of the particle plasmon oscillation. An 
increasing εm leads to a red shift of the resonance wavelength.  
In the near-field region of a metal particle, the electric field is significantly 
enhanced at the plasmon resonance frequency, which is called local field 







f ==         (5.9) 
where E denotes the optical electric field at the observation point r and E0 denotes the 
incoming field. The field enhancement f is a function of the position in the particle 
near-field r as well as the wavelength λ of the exciting light. In nanosized metal, f is 












∝∝        (5.10) 
As a consequence, a large enhancement of nonlinearity in metal nanoparticle is 
expected at the resonance wavelength. 
Note also that, although Eq 5.6 is considered for only metallic nanoparticles, the 
derivation is valid in general, i.e. the constituents may be pure dielectrics as well. 
However, huge polarizability of pure dielectrics can not be achieved because the real 
part of the denominator never becomes zero in Eq 5.6 contrary to metal nanoparticles. 
Field enhancement factor f with wavelength in silver nanoparticles and GaN 
nanoparticles is calculated and shown in Fig 5.3 (a) and (b) respectively. In bare Ag 
nanoparticles field enhancement factor f is enhanced resonantly at 350 (nm). In Ag 
nanoparticle coated by NdAlO3 resonance frequency was redshifted by NdAlO3 
coating (see Fig 5.3(a)). Fig 5.3(b) shows field enhancement factor of GaN 
nanoparticles and GaN nanoparticles coated with AlN.  It shows no resonant behavior. 
On the contrary to silver nanoparticles, it reduces local field due to similar dielectric 
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constant ( AlNGaN εε /  at 633 nm = 1.3). This simulation clearly shows that the 
resonance behavior of local field enchantment is possible only in some noble metal 






Fig 5.3 (a) Local field Enhancement factor versus wavelength of bare silver 
nanoparticles (solid) and silver nanoparticles coated by NdAlO3 (dashed) (b) Local 
field Enhancement factor versus wavelength of bare GaN nanoparticles (solid) and 
GaN nanoparticles coated by AlN (dashed). 
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5.3 Experimental techniques for measuring of SHG and THG signal 
The SHG and THG measurements of the materials were performed by direct 
measurement as shown in Figure 5.4. This is easy and simple method for measuring 
χ(2)( -2ω, ω, ω), χ(3)( -3ω, ω, ω, ω).  The laser pump source was an unamplified 
Ti:Sapphire oscillator (KMLabs), with 800 nm central frequency. The pulses are 40 fs, 
30 nm FWHM, 7.5 nJ/pulse with an 85 MHz repetition rate. The laser was tightly 
focusd with a 2 cm f.l. lens. We measured the depth of focus, zr, to be 75 μm in air, 
and calculated, assuming Gaussian beam profile, a waist radius of 4.4 μm. The 
sample is shot with a high intensity beam at the fundamental frequency and the 
transmitted power of the second harmonic signal (2ω) and third harmonic signal (3ω) 
was recorded using an Optical Multichannel Analyzer (Princeton Research Model 
1420). The sample is mounted on a microstepper. Rso recording the harmonic signal 
as a function of microstepper position allowed for us to map the two dimensional 
harmonic response of the material. More detailed information of laser scanning 








Figure 5.4 Schematic of setup for scanning second harmonic generation(SHG) and 
third harmonic generation(THG). The sample is mounted on a microstepper. 
Recording the harmonic signal as a function of microstepper position allowed us to 
map the harmonic response of the material. (Reproduced from Ref 5, by permission)   
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5.4 Fabrication of nanocomposites and experimental observations 
Gallium nitride (GaN) semiconductor and silver (Ag) metal nanocomposites 
were deposited on sapphire substrates using electrostatic collection and supersonic 
collection processes which were described in detail in section 2.2. The LAM 
generator has been coupled to a high vacuum PLD chamber for in situ construction of 
nanocomposites. For nanocomposites, substrates are inserted into the load lock and 
moved under vacuum into the nanoparticle deposition chamber. Nanoparticles are 
produced in the flowing aerosol cell and deposited by inertial impaction. To overcoat 
the nanoparticles, the sample is moved under vacuum into the PLD (Pulsed Laser 
Deposition) chamber where a thin film is grown over the nanoparticles as described 
in detail in section 2.3. Therief process of nanocomposite fabrication is shown 
schematically in Fig 5.5 and the schematic of nanocomposite production chamber is 











Figure 5.6 The schematic of nanocomposite production chamber.11
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5.4.1 Gallium nitride nanocomposite 
5.4.1.1 Deposition of gallium nitride nanoparticles 
GaN nanoparticles are produced by laser ablation of GaN microparticles in the 
electrostatic cell as decribed in section 2.2.1. GaN microparticle feedstock was found 
to be between 2-5 microns in size and irregularly shaped.  The SEM image and XRD 
pattern of the feeding GaN microparticles are shown in Fig 5.7(a), (b) respectively. 
XRD clearly shows that the GaN microparticles are crystalline have crystal structures. 
The feedstock is aerosolized in a fluidized bed generator and entrained in a slow 
helium gas flow of 110 SCCM corresponding to a 80-100 cm/s flow velocity. The 
number density of microparticles is controlled by the vibration frequency of the 
fluidized powder and was adjusted to be 105-107 cm-3. Ablation of the microparticle 
jet is carried out with the excimer laser at a fluence of 2.5 J/cm2. The flow rate of the 
aerosol shown above is set to match the 200 Hz laser repetition rate so that each 
microparticle iswas exposed to exactly one laser pulse. The optimum helium sheath 
flow is 1330 SCCM corresponding to 7.1 cm/s flow velocity. The length of the tube 
used was 20 cm and connected to long rubber pipe so that the discontinuity at the end 
of the tube did not cause turbulenceaffect the flow in the region of interest. 
The nanoparticles are electrically charged due to a combination of thermionic 
and photoelectric ionization during the ablation process. As described in section 2.2.1 
the highly charged, flowing aerosol of nanoparticles forms in a region with an 
electrostatic field of 0-1000 Volts applied transverse to the nanoparticle flow for 
collection.  
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 Samples were examined for size distributions with a Phillips EM 208 TEM 
(80 keV operating voltage) to determine primary particle size, shape and aggregation 
state of these particles.   
 
5.4.1.2 Deposition of aluminum nitride thin film 
 Following GaN nanoparticle deposition on sapphire substrate, GaN nanoparticles 
were coated with aluminum nitride (AlN) using pulsed laser deposition (PLD) 
described in section 2.3 and 3.3. Depositions were carried out at 4.5 ×10-4 Torr 
nitrogen pressure and 300ºC substrate temperature for 20 mins. fluences  ranging 


















Figure 5.7 (a) SEM image of the feeding GaN microparticles. (b) XRD pattern of the 
feeding GaN microparticles.  
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5.4.1.3 Experimental observations of GaN nanocomposite 
TEM images of particles collected on the ground electrode of the electrostatic cell 
in helium at high voltage show GaN nanoparticles were fabricated successfully (Fig. 
5.8 (a)) even though agglomeration and/or chaining were observed in some samples. 
GaN nanoparticles were found to be spherical and 5.0±0.55 (nm) in size (Fig. 5.8 (b)). 
A typical XRD pattern of GaN nanoparticle prepared at V=300V in the electrostatic 
cell is shown in Fig. 5.8 (c). Amorphous glass substrates were used for the XRD 
measurement. XRD patterns show apparent peak broadening. The XRD peak 







=        (5.11) 
where B, K, λ, t, θB denote FWHM (Full width at half max), constant (0.89), X-
ray wavelength (0.154 nm), thickness of crystallite (particle size) and Bragg angle.  
From Eq. 5.11, peak broadening (FWHM) of our GaN nanoparticles was calculated 
by substituting K=0.89, λ = 0.154 nm, t =5.0 nm , θB = 27 º. It resulted in B = 1.40 º. 
However, the FWHM in Fig. 5.8 (c) is 13 º, much wider than the calculated width. It 
clearly shows that XRD peak broadening is caused by another factor such as partly 
amorphous GaN structure rather than just by nano-size crystals.  We can conclude 
crystalline GaN miroparticles were changed into semi-amorphous GaN nanoparticles 
through the LAM process. 
The THG of GaN nanocomposite was measured by direct measurement along the 
z direction as described in section 5.3.  The results were shown in Fig. 5.9. The first 
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measurement was performed on a bare sapphire substrate. Subsequent measurements 
were repeated using bare AlN film on sapphire substrate, bare GaN nanoparticles on 
sapphire substrates and GaN nanoparitlces coated with AlN on sapphire substrates.  
AlN thin film on sapphire showed the highest intensity. GaN coated with AlN on 
sapphire and bare GaN nanoparticles on sapphire substrate showed less THG 
intensity.  Unexpectedly, the large enhancement of THG due to the quantum 
confinement effect of GaN nanoparticle did not occur in our fabricated samples.  
We can speculate the cause from several observations. First, the LAM process 
would change crystalline GaN feedstock into semi-amorphous GaN nanoparticles as 
discussed above. Second, the agglomerations found in the GaN nanoparticles may 
degrade its unique properties.  
Amorphous GaN nanoparticles coated with AlN showed less intensity than bare 
AlN thin film, probably due to local field effects described in section 5.2.5. For metal 
particles which have a negative real part of the dielectric constant, the local field can 
be enhanced resonantly at specific frequency. On the contrary, GaN nanoparticles and 
AlN thin film have similar dielectric constants ( AlNGaN εε /  at 633 nm = 1.3) and the 




(a)                                                                (b)  
 










Figure 5.8 (a) TEM image of typical GaN nanoparticles. (b) Size distribution of GaN 





Figure 5.9 z directional scan of the THG intensity from sapphire substrate, GaN NP 
on sapphire substrate and GaN NP coated with AlN on sapphire substrate (Arb. Units) 
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5.4.2 Silver nanocomposite 
5.4.2.1 Deposition of silver nanoparticles 
Silver metal nanoparticles were produced by laser ablation of Ag microparticles 
and collected in the virtual impactor system as decribed in section 2.2.2. Silver 
microparticle feedstock (Dupont Electronics Materials division) was found to be 
spherical and between 1.5±0.2 micron in size. The SEM image and XRD pattern of 
the feeding silver microparticles are shown in Fig 5.10 (a). The feedstock is 
aerosolized in a fluidized bed generator and entrained in a slow gas flow 
corresponding to 0.5 m/s flow velocity. The number density of microparticles is 
controlled by the vibration frequency of the fluidized powder and was adjusted to be 
105 cm-3. Ablation of the microparticle jet is carried out with the excimer laser at a 
fluence of 2.5 J/cm2. The flow rate of the aerosol was set to match the 200 Hz laser 
repetition rate so that each microparticle was exposed to exactly one laser pulse. As 
described in section 2.2.1 the ablated nanoparticles in the stream are drawn away 
from the flow axis into the collection chamber and were collected on sapphire 
substrate. Samples on TEM grid were examined for size distributions with a Phillips 
EM 208 TEM. Fig 5.10 (b) is a typical micrograph showing silver nanoparticles 

















5.4.2.2 Deposition of NdAlO3 and Al2O3 thin films  
 Following silver nanoparticle deposition on sapphire substrate, two types of 
coatings, NdAlO3 and Al2O3, were deposited for comparison using the pulsed laser 
deposition (PLD) technique. Depositions were carried out at 5 ×10-5 Torr oxygen 
pressure and a substrate temperature of 300ºC for 30 mins. The distance from target 
to substrate was 7.62 cm. High fluencences, 4-12 J/cm2,  and 200 HZ repetition rate 
were used.  
 
5.4.2.3 Experimental observations of silver nanocomposite 
The linear transmission of bare NdAlO3 film (without silver nanoparticles) was 
measured by a UV-VIS spectroscopy and is shown in Fig 5.11. Many local 
absorptions were found due to Nd3+ ions in the film. There was no interference 
pattern because the refractive index of NdAlO3 is similar to that of the sapphire 
substrate. To confirm this we deposited NdAlO3 on a quartz substrate and applied 
OPE method, chapter 3. Fig 5.12 shows the result by OPE method. Even though there 
were some distortions of experimental transmittance due to the local absorption of 
Nd3+ ion, the OPE method was successfully applied and extracted the optical 
information. The result showed that the refractive index of NdAlO3 film is similar to 
that of Al2O3 (  at 633 nm = 1.06± 0.01). The difference of the 
refractive index of NdAlO
sapphireNdAlO nn /3
3 film was less than 1% which is very small. The extinction 
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coefficient was also extracted and turned out to be very small. It was 1.1×10-3 ± 0.05 
at 633 nm.   
Figure 5.13 shows the transmittance spectra of bare Ag nanoparticles on a 
sapphire substrate. The spectra of bare NdAlO3 film and Ag nanoparticles on a 
sapphire substrate coated with NdAlO3 are also presented for comparison. The 
transmission of bare Ag nanoparticles shows broad plasmon resonance absorption 
centered at 442 nm. Ag nanopaticles coated with NdAlO3 showed an interference 
pattern in addition to plasmon resonance because silver nanoparticles acted as another 
thin film sandwiched between the NdAlO3 thin film and sapphire substrate. 
Accordingly, as the thickness of Ag nanoparticles increased, denser interference 
pattern were measured. In order to find the optical properties of Ag nanoporous film 
and NdAlO3 coating, OPE method was applied in many ways. However, an 
appropriate model for the extinction of the silver film could not be found.  
It is also interesting to note that the plasmon resonance wavelength of the 
nanocomposite shows a redshift compared to bare silver nanoparticles. Bare silver 
nanoparticles showed a plasmon resonance at 430 nm. However, Ag nanoparticles on 
a sapphire substrate coated with NdAlO3 shows a plasmon resonance at 495 nm due 
to NdAlO3 coating (redshift, see Fig 5.13). 
This result agrees with simulation result in section 5.2.5. It shows that wavelength 
tuning for plasmon resonance is feasible using different dielectric layers on silver 
nanoparticles. G.Xu et al found that mediums, either covering or sandwiching the 






















Figure 5.11 Spectral transmission of NdAlO3 film on sapphire substrate 
 
Figure 5.12 Spectral transmittance of NdAlO3 film on quartz substrate and 




















Figure 5.13 Transmittance spectra of NdAlO3 film, bare Ag nanoparticles and Ag 
nanoparticles coated with NdAlO3. (The dotted lines are a guide) 
Bare Ag NP
Ag NP coated 
with NdAlO3
Plasmon resonance in Ag NPs 
coated with NdAlO3
Plasmon resonance in bare Ag NPs Bare NdAlO3 film
Two photon resonance wavelength
One photon resonance wavelength
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5.4.2.3.1 The THG and SHG of bare silver nanoparticles  
   The SHG and THG of bare silver nanoparticles and silver nanocomposite were 
measured by direct measurement. The measurement was performed along the z 
direction of samples with bare silver nanoparticles on sapphire substrate and the 
results were shown in Fig 5.14. The spectrum of sapphire substrate THG (dashed) is 
also present for comparison. The THG signal due to Ag nanoparticles begins to 
increase from 200 μm and disappears at 590 μm. The maximum intensity was 
increased by a factor of 2.5 compared to sapphire substrate THG at 400 μm. The 
maximum enhancement occurred at the center of the nanoparticle deposits. However, 
SHG signal saturated at the THG maximum peak. 
 The enhancement in bare silver nanoparticles can be explained by local field 
enhancement due to particle plasmon excitation in the submicroscopic surface 
structure.  Two photon resonance (400 nm) is nearly coincident with plasmon 
resonance wavelength (430 nm) in our bare silver nanoparticles.  
 
5.4.2.3.2 The THG and SHG of silver nanoparticles coated with NdAlO3 film 
The SHG and THG measurements of silver nanocomposite coated with NdAlO3 
were performed along z direction and x direction and results are shown in Fig 5.15  
The THG spectrum of NdAlO3 thin film on sapphire substrate(dashed) is also present 
for comparison. The THG signal due to Ag nanoparticles coated with NdAlO3 was 
much less than those of bare Ag nanoparticles on sapphire substrates and NdAlO3 
thin films. Two photon resonance (400 nm) deviated further (redshifted) from 
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plasmon resonance wavelength (430 nm) due to the NdAlO3 coating as expected in 
simulation results of section of 5.2.5. On the other hands, SHG signal showed a 
Gaussian profile which is contrary to the samples with bare silver nanoparticles. 
The SHG and THG measurements of silver nanocomposite coated with NdAlO3 
were performed along x direction and results are shown in Fig 5.16 for comparison. 
Unlike the z scan shown in Fig. 5.15 where the THG was a factor of ½ that of the 
bare NdAlO3,  the THG at x = 530 microns is a factor of x2 larger than that of the 
NdAlO3 seen at x = 0 in Fig. 5.16.   This indicates that the THG in Ag:NdAlO3 is 
very sensitive to the density of silver.  The z-scan in Fig. 5.15 was taken an x position 
leading to a much smaller third-harmonic intensity. 
 
5.4.2.3.3 The THG and SHG of silver nanoparticles coated with Al2O3 film 
The SHG and THG measurements of silver nanocomposite coated with Al2O3 
were performed along z direction and results are shown here (Fig 5.17). The THG 
spectrum of bare sapphire substrate THG (dashed) is also present for comparison. The 
THG signal was similar to that of Ag nanoparticles coated with NdAlO3 at the x 
position for Fig. 5.15, but significantly smaller (at least 5x) than that shown in Fig. 
5.16.  (The backside of bare sapphire substrate could be the reference). SHG signal 





Figure 5.14 z directional scan of the SHG ( Δ ) and THG (Solid) from Bare Ag 
nonoparticles on sapphire substrate and the THG of sapphire substrate only (dashed). 






Figure 5.15 z directional scan of the SHG ( Δ ) and THG (Solid) from Ag 
nonoparticles coated NdAlO3 film on sapphire substrate and the THG from a pure 
NdAlO3 film on sapphire substrate (dashed). (Reproduced from Ref 5, by permission)
 160
 
Figure 5.16 x directional scan of the SHG (dotted) and THG (Solid) from Ag 





Figure 5.17 z directional scan of the SHG ( Δ ) and THG (Solid) from Ag 
nonoparticles coated Al2O3 film on sapphire substrate and the THG from bare 





We expect it is possible to obtain very large values of the nonlinear susceptibility 
through resonance enhancement. If one of the real atomic levels is nearly coincident 
with one of the virtual levels of the indicated process, the coupling between the 
radiation and the atoms is particularly strong and the nonlinear optical susceptibility 
becomes large. For instance, three possible strategies for enhancing the efficiency of 
third-harmonic generation through the technique of resonance enhancement are 
possible; (a) the one-photon transition is nearly resonant (b) the two-photon transition 
is nearly resonant and (c) the three-photon transition is nearly resonant.  
In the case of Ag NPs coated with NdAlO3 film, the one-photon resonance 
(800nm) due to Nd3+ ion absorption and two-photon resonance (400nm) due to silver 
absorption (plasmon absorption) were expected (see Fig 5.18). Nd3+ ion has the real 
atomic level at 800 nm (see Fig 5.11) where the fundamental laser wavelength is 
tuned. Therefore, the one-photon resonance is possible since this energy level 
coincides with our laser wavelength (800 nm). The two-photon resonance (400nm) is 
also expected in Ag NPs coated with NdAlO3 because silver NPs strongly absorb 
around 400 nm due to the plasmon resonance, and strong photoluminescence 
following two-photon absorption was observed at 800 nm.   
To check the effect of one-photon resonance due to the Nd3+ ion, THG signals of 
Ag NPs coated with NdAlO3 in Fig 5.15 (z directional scan), Fig 5.16 (x directional 
scan) and THG signals of Ag NPs coated with Al2O3 in Fig 5.17 (z directional scan) 
were compared. The THG of Ag NPs coated with NdAlO3 (Fig 5.16) was two times 
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that of the plain NdAlO3 film which was 4 times that of sapphire (Fig 5.15). Thus at 
the appropriate x-position (eg, appropriate Ag NPs density) Ag NPs coated with 
NdAlO3 generated eight times that the THG of Al2O3 (Fig 5.17). The lack of large 
THG enhancement may result from strong SHG for the Ag NPs coated with NdAlO3. 
Next comparison was made between bare silver NPs and silver NPs coated with 
NdAlO3 (Fig 5.14, Fig 5.15). The THG signal was enhanced in bare silver 
nanopaprticles due to the plasmon resonance (see Fig 5.14). However, in the case of 
Ag NPs coated with NdAlO3 the THG intensity was decreased by 40% at 
intermediate laser intensities compared to bare Ag NPs but increase by a factor of 
50% at higher fields because of saturation in the bare Ag samples.  Enhancement due 
to both a tw-photon plasmon resonance  and a single photon resonance in the THG 
did not seem to occur. Second harmonic generation in the Ag:NdAlO3 samples was 
50 % larger than for the bare Ag samples and may contribute to the lack of THG for 
these samples. 
We can speculate the cause from Fig 5.13. Bare silver nanoparticles has an 
absorption band at 430 nm due to plasmon resonance and it is close to the two-photon 
resonance frequency (400nm) of our laser wavelength. Therefore, two-photon 
resonance due to plasmon resonance was possible and THG signal was increased. 
However, in the case of Ag NPs coated with NdAlO3 the plasmon resonance was 
redshifted and moved off the two photon resonance wavelength when silver NPs were 
coated with NdAlO3 (see Fig 5.13). In other words, plasmon resonance is tuned from 
430 nm to 490nm due to NdAlO3 film and it is too far from two-photon resonance 
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frequency of our laser wavelength (400 nm). As a consequence the enhancement 
effect due to two-photon resonance was turned off or reduced. Though it is not certain 
that the two-photon resonance shifts identically to the one-photon plasmon resonance 
for the NdAlO3 this may explain the lack or the expected large enhancement when 
the Nd ions were added to resonate with the one photon transition. 
To enhance the THG signal, varying the incident laser frequency or tuning the 
plasmon resonance frequency of silver nanocomposite is necessary to make the 





Figure 5.18 Three strategies for enhancing the process of third-harmonic generation. 
(a) One photon resonance (b) Two photon resonance (c) Three photon resonance ; 
one photon and two photon resonance were expected in silver nanoparticles coated 




 5.5 Summary 
GaN nanocomposites with AlN thin films and Ag nanocomposites with NdAlO3 
films were synthesized by LAM process and PLD deposition. The enhancement of 
THG in GaN nanocomposite did not occur due to its amorphousness, oxidation and 
agglomerations.  
Ag nanocomposites with NdAlO3 films were synthesized. The plasmon resonance 
of Ag nanocomposites with NdAlO3 films showed a red-shift when compared to bare 
silver nanoparticles. It showed that wavelength tuning of plasmon resonance using 
different thin film layer on silver nanoparticles is feasible.  
The THG signal was enhanced in bare silver nanopaprticles due to the plasmon 
resonance. On the contrary, in the case of Ag NPs coated with NdAlO3 the THG 
intensity was decreased by 40% at intermediate fields because the plasmon resonance 
wavelength was redshifted and moved off the two-photon resonance wavelength of 
the laser. To enhance the THG signal, varying the incident laser frequency or tuning 
the plasmon resonance frequency of silver nanocomposite is necessary to make the 
second harmonic frequency of the laser coincide with plasmon resonance frequency.  
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Aluminum nitride thin films were fabricated using Pulsed Laser Deposition with 
varying processing conditions in order to exploit the feasibility for encapsulating 
matrix of nonlinear nanocomposites.  In order to accurately extract optical properties 
of non-uniform films, We have developed a new method for extracting properties of 
wedged and absorbing thin films, including refractive index, extinction coefficient, 
and thickness, based only on a measurement of the transmission (or reflection) 
spectrum.  This Optimum Parameter Extraction (OPE) method utilizes a combination 
of numerical optimization, efficient models of dispersive film parameters, and film 
transmission equations derived for wedged, non-uniformly thick, and absorbing films 
(having 2-D non-uniformity) measured through a rectangular aperture.  We also 
introduced a one-parameter, packing-density model for refractive index that requires 
 170
measurement of the refractive index dispersion of the same or similar material.  The 
Sellmeier equation was also shown to work, but with the disadvantage of having more 
parameters to fit. The OPE method was found to accurately predict the values of 
optical constants for test cases that produced large errors when determined using 
previous methods.  We showed that the OPE method could incorporate only 1-D non-
uniformity in thickness and still converge rapidly and predict the values of optical 
constants accurately when a rectangular illumination area was used to record the 
transmission spectrum.  Using our OPE method, optical properties of AlN thin films 
with thickness variation were accurately determined, whereas the presence of 
absorption and thickness non-uniformity in the films resulted in large errors when 
other methods were used. 
Aluminum nitride films were grown using PLD onto sapphire (0001) substrates 
using varying processing conditions (temperature, nitrogen pressure, and laser 
fluence).  The films deposited at low nitrogen pressures (less than 4.5 x10-5 Torr) 
exhibited, without exception, poor optical transmission, independent of the laser 
fluence and substrate temperature. In contrast, all films produced at higher nitrogen 
pressure (4.5×10-4 Torr) exhibited high transmission (k = 0.5 - 2.5 x 10-3).  We can 
speculate that a critical pressure exists between 4.5×10-5 Torr and 4.5×10-4 Torr, 
above which the film transparency becomes high.  Of the films deposited at the 
higher nitrogen pressure, those deposited at low substrate temperatures had a lower 
extinction coefficient than those deposited at higher substrate temperature (up to 
800°C).  Our results show unambiguously that high quality films with high optical 
 171
transmission can be deposited by PLD without resorting to high temperatures or UHP 
(ultra-high purity) processing conditions.  In fact, the samples that had the lowest 
extinction coefficient were produced at low substrate temperatures and had relatively 
poor alignment of the grains to the substrate. The bandgap was derived from these 
absorption measurements.  We found that bandgap increased with both temperature 
and deposition rate.  In multiple regression analysis, deposition rate was found to 
have a stronger influence on bandgap than temperature.  This would imply that high 
substrate temperature and low deposition rate favor fewer band-edge defects in the 
film, but that these defects do not correlate with absorption at visible wavelengths. 
Refractive index, on the other hand, showed little systematic dependence on 
processing parameters. It is possible that small systematic variations in refractive 
index may occur, but if these variations are less than the measurement error of 2%, 
they would not be observed.  We observed no correlation between the degree of 
texture and the optical properties.  However, the variation in the texture orientation 
observed across a sample might make a weak dependence impossible to observe.  
This variation in texture orientation measured across a sample deposited at 900°C 
was observed to correlate with the visible variation in its brownish color (opacity). 
The brownish color of the samples prepared at 900 ºC can be attributed to more 
severe surface oxidation as the oxidation kinetics accelerate rapidly at this 
temperature.  Any subtle correlation between AlN film extinction coefficient and 
crystal properties was probably not found due to the dominant absorption of the 
surface oxidation layer.  Localization of the majority of the absorption in the 
 172
oxidation layer does place an upper limit on the AlN film absorption, and indicates 
that the extinction coefficient in the AlN films was remarkably low (< 5x10-4 at 633 
nm). we report that low optical absorption, textured polycrystalline AlN films can be 
produced by PLD on sapphire substrates at both low and high laser fluence using a 
background nitrogen pressure of 4.5×10-4 Torr at 99.9% purity.  
Third harmonic generations from GaN nanocomposite coated with AlN film and 
silver nanocomposite coated with NdAlO3 were investigated experimentally. The 
enhancement of THG in GaN nanocomposite did not occur because the LAM process 
would change crystalline GaN feedstock into semi-amorphous GaN nanoparticles.  
The plasmon resonance of Ag nanocomposites with NdAlO3 films showed a red-
shift when compared to bare silver nanoparticles. The THG signal was enhanced in 
bare silver nanopaprticles due to the plasmon resonance. On the contrary, in the case 
of Ag NPs coated with NdAlO3 the THG intensity was decreased by 40% at 
intermediate fields because the plasmon resonance wavelength was redshifted and 
moved off the two-photon resonance wavelength of the laser. To enhance the THG 
signal, varying the incident laser frequency or tuning the plasmon resonance 
frequency of silver nanocomposite is necessary to make the second harmonic 
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